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ANUG JAIPRAKASH KELLOGG 
(Ph.D.) 

Department of Electrical Engineering 
Indian Institute of Technology 
Kanpur (India) 

July, 1984 

NOVEL DISTANCE DELAYING SCHBvlES FOR THE PROTECTION OF 
EHV/UHV TRAN3AISSION LINES USING DIGITAL TECHNigUES 

i c 

The demand of the electrical power in many countries 

■» 

of the world, has been increased manifolds during the last 
two decades due to the rapid growth of industries and also 
agricultural, commercial and domestic needs. Thus, large 
Thermal, Hydro and Nuclear power plants were installed, 
generally, far away from the load centres. This necessitated 
the transfer of bulk power over long distances by means of 

i 

transmission lines and interconnectors. The reliability, 

■ 

durability and the stability of the power system network 
depends how fast and efficiently, the fault can be cleared. 
The transmission line voltage, in the past, was limited to 
220 kV and hence, the protection schemes based upon the 

► 

‘Induction Cup Relay* were satisfactory as 'the fault detection 



within 2 to 3 cycles did not create any serious stability 
problem. The increase in the system voltages to 400 kV and 
above necessitated the detection of the fault in less than 
one cycle (20 msec.) which is beyond the capabilities of 
electromechanical relays. This gave rise to the development 
of static relays and finally, to the solid state relays. Solid 
state relays have distinct advantages over electromechanical 
and also other types of static relays that, they are fast in 
operation, sensitive, accurate, compact and immune to vibra- 
tions and shocks due to external causes. Absence of moving 
parts and contacts makes them more reliable and also long 
lasting. Negligible maintenance is needed once they are put 
in service, their burden is low and also they do not require 
high voltage supply. All these factors make them economical 
in the long run. 

The distance relays used so far, for the protection of 
EHV/UHV transmission lines (400 kV and above) use discreate 
components like, diodes, transistors, TIL logic gates and 
analogue techniques. Some of them use digital components also 
but, they all suffer from the serious drawback of having 
different operating time depending upon the reach of the relay 
and the phase difference between the selected input signals. 
This can create serious time coordination problem between 



different relaying schemes as the operating time varies 
betv'./een 10 to 50 msec, to 2^ cycles). Most of the relays 
generate classical threshold characteristics which could be 
prone to power swing in the case of long, heavily loaded trans- 
mission lines. Quadrilateral characteristic is most compa- 
tible to any type of line faults having high arcing resistance. 
Hence, modern trend is to use relays having quadrilateral 
pick-up characteristics, A relay, once designed for a specific 
characteristic, cannot produce a different polar characteristic 
which may be required for some applications. The same relay 
may not function, both, as sine and cosine comparator. 

The protection schemes for the transmission lines are 
quite complex and at the same time, they are not flexible and 
their prime cost also is quite high. Digital relays using 
Microprocessor and Minicomputer for 'On Line* distance protection 
of EHV/UHV transmission lines are much faster and also free 
from many drawbacks. But, their long time durability and 
reliability is not yet assertained and at the same time, they 
are not accepted by 'Protection Engineers* as a primary means 
of protection. 

The distance relaying schemes based upon travelling 
waves phenomena have been designed and fabricated and the 
first of its kind is.inuso on 500 kV system of Bonneville 
Power Administration, U, S,A, This scheme seems to be the best 



of all but, is highly sophisticated and uneconomical for small 
power systems. Hence, there is an ample scope for developing 
a protection scheme which is free from the most of the existing 
drawbacks , 

Accordingly, the primary objectives of this thesis 
have been: 

1, To present critical review of some important relaying 
schemes with respect to simplicity, circuit ability, 
reliability and flexibility in generating the various 
types of pick-up characteristics in the complex p-plane 
(i.e. R-X plane). 

2, To develop novel high speed, reliable relaying schemes for 

single-phase, single-zone operation v/hich could be used 
to produce any desired pick-up characteristic with 
constant operating time and can be used both, as sine and 
cosine comparators with minimum of hardware, 

3, To design, develop^ and fabricate a 3- zone single-phase 
relaying scheme, using CMOS logic gates and digital IC's, 
capable of producing any desired threshold characteristic 
with constant operating time (15 msec.) for fault at any 
point within the reach of the relay, by the use of 2- input 
comparators. 



4, To design and fabricate a 3-zone polyphase relaying 
scheme with a new operational strategy, using multi- input 
comparators, to produce modified mho characteristic using 
blinders and a quadrilateral characteristic with 3- input 
signals only, and 

5, To design and fabricate a ‘Dynamic Test Bench* with 
'point- on-wave selector' and to test the performance of the 
various proposed relaying schmes on it, with respect to 
operating time, accuracy, transient reach verses switching 
angle of fault current and range. 

The salient features of the work reported in this thesis 
are as follows: 

Chapter 1 presents a brief review of the important 
literature pertaining to the development of the distance relaying 
schemes cronologically. It also describes the need of better 
and faster schemes and gradual change fran electromechanical 
relays to static and then finally, to the solid state relays. 

Chapter 2 gives the critical review of some of the 
important relaying schemes which could be used for the prote- 
ction of heavily loaded long transmission lines., A detailed 
study of these schemes is done and their merits and demerits 
are brought out. It is revealed from tho close examination, 
that, all these schemes suffer in one way or the other. Thus, 



there is a scope fox the design and development of a relay 
which is free from the drawbacks of the existing schemes. 

Chapter 3 starts with the proposed novel relaying 
scheme. It describes the theory, development and testing of 
the digital phase comparator relay using QAOS logic gates and 
digital IC*s, which could be used, both, as sine and cosine 
ccxnparator and generate many important pick-up characteristics 
used for distance protection. The relay uses 2- input, transient 
free, block average, symmetrical coincidence comparator and 
its hardware is kept to a minimum, thereby, giving economy, 
fast response and reliability. 

Chapter 4 deals with the design and development of a 
3-zone single phase relaying scheme using digital techniques. 

It presents a new operating strategy and a novel way of 
automatic zone cha;E^ing and a novel way of providing signals 
fox 3- zone operation. The present work is an improvement and 
simplification over the relay proposed earlier, CMOS logic 
gates and digital IC* s axe used to give better noise immunity. 
The relay uses 2- input, transient free, 90*^ block average 
coincidense comparators with constant operating time of 
15 msec, any where upto the balance point. Variable angular 
critaria can bp used by the change of clock frequency and, 
thereby, shaping the characteristics. Scheme-I provides the 



classical characteristic in zone~l and zone-2, but elliptical 
characteristic in zone-3. 

The same relaying scheme is extended to work as a 
3-zone polyphase relay by the triplication of single phase 
units. Multi- input ccanparators are used to produce modified 
mho characteristics as proposed by scheme-II, The scheme-III 
proposes a 3- zone polyph ase relay which produces a quadri- 
lateral characteristics by using 3-signals only. All these 
3-schemes are effective for all types of shunt faults on 
3-phase lines. The steady s,tate and dynamic performance of 
these schemes is tested, phase-wise, and operation of 3-zone 
polyphase relay is found to be satisfactory. 

Chapter 5 describes the design, development and the 
fabrication of a single phase Dynamic Test Bench, which is 
used to predict the performance of the proposed relays. It 
represents the scaled down model of the power system, with 
.built-in ’ point- on-wave selector* and digital time interval 
meter. Any type of fault condition can be simulated on it and, 
the relay performance, with respect to range and switching 
angle of fault current, can be checked. The overall accuracy 
of the dynamic test bench is better than +5^ and each unit 
has an accuracy of +2/, 

Finally, the concluding chapter 6 gives a brief review 
of the work reported in the thesis and suggestions for further 


scope of work 



CHAPTER 1 


INTRODUCTION 


The protection of high voltage transmission lines, by 
•Induction Cup Relay’, in the past, was found to be satisfa- 
ctory as the large fault detection time (viz. 3 to 5 cycles) 
did not create serious stability problems. In many countries 
of the world, the demand of electric power increased consi- 
derably after the second world war, due to the rapidly growing 
industrial, commercial and domestic needs. This gave rise to 
the installation of large peak load and base load plants i,e. 
Hydro, Thermal and Nuclear plants and transmission of this 
bulk power to the industrial and urban areas. It is neither 
economical nor practicable to built large power plants in every 
city, thus, the exchange of power between different grid 
systems became necessary which is done by Interconnectors, In 
India, upto the year 1975, the transmission voltage was 
limited to 220 kV and hence, a slower speed protecting scheme 
using electromechanical relays was adequate. But, as the 
bulk power transmitted increased, it became necessary to have 
higher system voltages exceeding 220 kV and a much more 
faster protection scheme so as to keep the entire power system 
netv;ork in stability. Fault detection vi^ithin half to one cycle 
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was not practicable with the electromechanical relays which 
led to the development of 'Static Relays', Static relays were 
found to be superior in all respects having several advantages 
over electromechanical relays. 

Static relays are immune to vibrations and shocks 
produced by external causes, due to the absence of moving 
parts. They are highly sensitive and hence, give better 
discrimination of fault with high degree of accuracy and speed. 
The absence of moving parts and contacts, make the static relay 
more reliable and long lasting. It is easier to manufacture 
<them and minu tu f is a t i on is also possible. Their burden is 

low and practically, no maintenance is needed which gives 
economy in the long run. 

Over head transmission lines are one of the most vul- 
nerable elements in the power system network, because of its 

k 

y length and also consequent exposure to atmospheric fes,azards. 
Hence, it is not surprising that, a lot of research has been 
carried out in developing an efficient, reliable, fast acting 
and sensitive relaying scheme for the protection of the trans- 
mission lines. Because of the inherent drawbacks of the over 
current relays, such as, shifting of the balance point with 
the type of fault and also, with the change in generation 
capacity etc,, the distance relays are invariably used for the 
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protection of fflVAiHV transmission lines. Distance relay^which 
measure the distance to the fault by measuring the impedance or 
certain component of the impedance at a given angle to the 
point of fault, is based upon sound mathematical theory with 
the result, its performance can be predicted well in advance. 
There are different yaritbi es of distance relays, such as, 

^ PlaN^ impedance, angle impedance i,e, ohms, reactance, angle 
adnittance (Mho), directional, and also their modifications 
including restricted, offset and modified relays. Any one of 
these relays or certain combination of these, with proper time 
coordination, is used for the protection of transmission lines. 

The earlier attempts were to use static relays as a 
mere substitute of the electromechanical counter parts in order 
to produce different types of threshold characteristics. This 
was easily achieved by the use of electronics and static device. 
Later developwnent proved, that, static relays have a better 
potential for developing special and complicated threshold 
characteristics which could not be produced by electromechanical 
relays. The simultaneous clearing of end zone faults 
within one cycle (< 20 msec) was accomplished, by electronic 
relays, using carrier frequency channel. But, the 
electronic relay could not compete in other applications due 
X to high and continuous power demand for its heater ( filjl^me nt) , 
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Then came the invention of ‘Transistors* in 1948 which 
revolutionised the field of electronics. The vacuum tubes 
and thyratrons were gradually replaced by transistors and its 
use in other applications was a natural consequence. Hence, 
the static relays, using solid state components such as, diodes, 
transistors etc,, dominated the field of protection after the 
year 1960, till the year 1975* 

The use of EHV/UHV (400 kV and above) heavily loaded 
long transmission lines has put a stringent requirement on 
the pick-up characteristic of the static relays. The tripping 
area on the complex p-plane (i*e, R-X plane) has to be as 
narrow as possible so as to avoid its operation during normal 
loading and power swing. Thus, the ideal characteristic would 
be a quadrilateral one or a mho having blinders. These chara- 
cteristics are easily provided by static relays using solid 
state components but they all have one general drawback, that, 
the operating time (10 to 50 msec) is dependent upon the fault 
location and the phase angle between the selected input signals. 
The faster speed of operation (< 20 msec) could be provided 
by the relays using digitals components, microprocessors and 
minicomputers etc. Microprocessors based, and minicomputers 
based relays are still in R and D stage; their long time durability 
and reliability is yet to be established and, they are not 
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yet recognised by ‘Protection Bigineers* as primary means of 
protection. Hence, there is an ample scope of developing a 
high speed relaying scheme, using digital circuits, having 
greater noise immunity and threshold limits, 

1,1 OBJECTIVES AND SCOPE OF THE VJDRK; 

The objectives and scope of the work reported in this 
thesis have been 

1, To present a critical review of seme of the impor- 
tant relaying schemes with respect to their simpli- 
city, circuit ability, reliability, speed and flexi- 
bility in generating the various types of pick-up 
characteristics in the canpiex p-piane i.e. R-X 
plane. 

To develop^, novel high speed and reliable relaying 
schemes for single-phase single-zone operation which 
would be used to produce any desired pick-up chara- 
cteristic and can be used as a cosine or sine 
comparator with minimum hardware, 

/ 3, To design, develoj^^i and fabrica te 3-zone single 
phase and polyphase relaying schemes, using CMOS 
logic gates and digital IC’s, capable of producing 
any desired threshold characteristic with constant 
operating time (< 20 msec) at any point within the 
reach of the relay. 
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4, To design and fabricate 3-zone polyphase relaying 
schemes with a new operational strategy^ avoiding 
the relay time coordination problem, and to- give 
modified mho and quadrilateral characteristic with 
3- input signals only, 

5. To design and fabricate a » Dynamic Test Bench’ with 

’ point- on-wave selector* and test the performance of 
the various relaying schemes on this dynamic test 
bench with respect to operating time, accuracy, 

X transient reach versu s switching angle of fault 
current and range, 

1,2 HISTORICAL REVIEVft 

1.2,1 Electronic Relays; 

The use of electronic relays for power system protection 
starts frcwtt the year 1928 onwards. In that year, Fitzerald [l] 
developed a scheme for pilot wire protection, V)/ideroe [2] in 
1934 developed circuits for common types of protective relays 
using thyratrons while Loving [4] in 1949 gave refinements to 
these circuits. The developments of electrcnic relays upto 
1948 was updated by Mcpherson, vVarrington and McConnell [3,5] 
and these were further extended in later years by Barnes [6] 
Kennedy, Honey, Reedman, Dlouby, Cohen, Chevallier and 
Bergseth [7], All these schemes employed thermonic values 
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Kand thyratrons and (therefor^, th a gn-f ee t r wasteful).' of energy, 

A continuous and large power was required to heat the fi3^a- 
ment and at the same time, a high voltage supply was needed by 
plate and screen circuit. This makes the power source bulky, 
costly and short lived. The thermionic valves and thyratrons 
were themselves bulky and fragile and also, liable to generate 
noise and give rise to incorrect operation due to vibrations, 
shocks and transients. None of these were found to be reliable 
and durable and thus they were not accepted for common use and 
remained as researchers curiosity. They also never reached the 
commercial stage and had to be abondoned after the year 1955, 
However, their use in microwave or carrier frequency relaying 
for inter-zone tripping continued till 1970, Then came the 
invention of * transistors* in 1948 which was perfected by 
1950 and brought a revolution in the 'field of electronics'. 

Transistors and junction diodes are solid state devices 
and have many advantages over their counter-part, i,e,,'the 
valv.e*,They are of small size, rugged, light weight and have 
only 3 or 4 electrodes. They do not require any heater 
supply and heating time hence, their operation is almost 
instant. They work on low power supply (1.5 volts only) and 
have, high conversion efficiency. They are also unaffected 
by vibration and shocks due to external causes and have very 
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high power gain* All these advantages makers them an ideal 
subsitute of electronic valve and thyratrons. Their use in 
static relays took place just after 1950 and many circuits 
using ‘Amplitude canparator* or ‘Phase comparator’ were 
developed. 

1.2.2 Solid State Relays; 

The earliest distance relay was introduced by Adamson 
and Wedepohl [l5,16] in the year 1956 which used a phase compa- 
rator giving mho characteristic. The first paper [l5] gave 
the mathematical background required for developing various 
threshold characteristics, such as directional, ohm, offset 
impedance and mho, by the use of 2- input phase comparator using 
transistors. The dynamic test revealed, that, the transient 
overreach was beyond the tolerance. Hence, they refined the 
previous circuit and use dual comparators [i6] to minimise 
this transient over-reach present in their coincidence - block 
average phase comparator, Rao [19] in the year 1959 did a 
detailed study, of using transistors for protection of polyphase 
systems by using amplitude comparators and phase sequence 

detection techniques, to bring out many important and practical 
circuits, Adamson and Talkhan [18], Dewey and Hodges [20] 
described a phase-comparison carrier relaying scheme using 
transistors, Dewey et.al. [24] and Galeca et.al, [25] in 1963 
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described dixectional-cOTipa risen pilot relaying schemes using 
solid state components, based upon block-spike phase compa- 
rison technique, giving mho characteristic, Giot et.al. [27] 
and Hahn [28] in 1964 described 3~zone relaying scheme using 
transistors , based upon block average phase comparison techniques. 
Mathews and Nellist [29] gave a general technique for drawing 
characteristics by using geometrical methods. All the methods 
cited above gave good results but, there was no solid mathe- 
matical background to predict relay performance, well in 
advance, in the event of close-up fault and operation on short 
lines. 

Wedepohl [30] in 1965 developed an improved theory of 
’polarised mho relay’ which gave better performance on short 
transmission lines and close-in faults and also, was more 
ccxnpatible to the actual system conditions. In the same year, 
Humpage and Sabberwal [3l] gave a general technique to get 
any desired characteristic by suitable logic and use of several 
2- input comparators. They also introduced multi- input phase 
comparators to give near quadrilateral characteristics. 

Improved composite characteristic with 3-zone of protection 
X vias proposed by Hans Hoel et.al, [38], This also o ver cU pie 
the time coordination problem as associated with the use of 
several 2- input comparators. It was possible to generate many 
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improved threshold characteristics such as modified mho (with 
blinders) and quadrilateral etc. The superiority of block 
average coincidence scheme was well established by that time, 
as they were less affected to spurious signals and had 
better transient performance. However, Parthasara thy [36,37,39] 
in 1966 proposed a 3-step distance relaying scheme using 
multi- input block— spike phase comparison technique by 
employing discreate component such as, transistors, diodes 
etc, for measuring and logic functions. The relay gave good 
performance for all types of shunt faults and was immune to 
power swing. Anilkumar and parthasara thy [43] in 1967 presented 
mathematical background necessary for predicting the perfor- 
mance of multi- input sine comparators to produce conventional 
and quadrilateral characteristics. They [46] proposed a 
3-step transistorised distance relay having quadrilateral 
characteristic and also, gave modification necessary for using 
it with Carrier- blocking and carrieiv- tripping schemes, 

Jackson et,ai, [47] in 1968 discussed the parameters and the 
limits of optimum dynamic design of block-average schemes 
using analogue techniques, McLaren [48], in the same 
year, devised a new sampling technique by which it was possible 
to have instanteneous comparison of relay inputs at any 
instant which also simplified the canparator circuit, Maleev 
[so] in the same year proposed a polyphase relay based upon 
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phase-sequence detection of four input signals, Vitanov [53] 
presented a complete relaying scheme for 3-zone protection 
using transistorised circuitry* 

In 1969, Gupta [54] proposed polyphase relaying schemes 
using phase-sequence detection of selected input signals. 
Anilkumar [56,60] in 1970 devised a new technique of sampling, 
and using ferrite cores, in addition to solid state components, 

|v/ 

Kto simplify the relay circuit, Kincha et.al. [58] proposed a 
nev4 technique of instantaneous amplitude comparison by signals 
derived from the primary line quantities. This eliminates 
the zero-crossing detector, delay units, sampling gates and 
amplitude pulse duration convertors. They [6l] extended this 
technique to produce quadrilateral characteristic in forward 
direction only, Paithankar [59] devised a unique phase-sequence 
detector which could be used to. produce symmetrical ox unsymme- 
txical angular cxitaria. It used only three derived signals from 
two basic sinusoidal input signals. In 1972, 

Johns [63] gave generalised phase comparison technique for 
2- input comparators. He [66] also extended this technique for 
the operation of multi-input comparator arxJ described the 
procedure to obtain the settings. A near quadrilateral chara- 
cteristic could be obtained by this method. In 1973, he [69] 
proposed variable characteristic generalised techniques for 
distance protection. Later he [79] extended this principle to 
distance protection of double circuit lines and lines with 
selective-pole autoreclosure. 
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Choudhuri et.al* [67] proposed a polyphase ground 
distance relay based upon phase coincidence detection of three 
compensated line to ground voltages. It worked well v^ith all 
the ground faults having high arcing resistance and remained 
inactive for all phase faults, Bhattacharya et.al, [68] 
devised a polyphase relay, based upon 2- input sine comparators, 
which could cater for all ten types of line faults, paithankar 
et.al, [70] in 1973, devised a very simple and fool proof 
polyphase relay, based upon phase-sequence detection of four 
selected input voltage signals, responding to ail ten types of 
shunt faults but, the tolerance to arc resistance was very 
marginal, A single 2-input comparator is generally, not able 
to produce quadrilateral characteristic. However, Jackscxi 
[75] in 1974 has tried- to shape the characteristic of a 2- input 
block-average comparator, to get near quadrilateral characteristic. 
One novel multi- input amplitude comparator is proposed by 
paithankar and Ingole [80] which gave any desired quadrilateral 
characteristic with fast response. Basu et.al, [8l] proposed a 
polyphase relay based upon phase sequence detection of any 
three compensated voltage or combination of compensated and 
phase voltages by using four pulse sequence comparator. In all, 
five inputs are required and the relay is suitable for any 
type of line faults, A much simpler version of the polyphase relay, 
based on detection of phase sequence of four selected input 
signals^ was proposed by Patra et.al, [82], They used transisto- 
rised zero crossing detector and flip/flops and AND gate to 
realise the complete relay for all ten types of shunt faults. 
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Vitanou et.al, [S3] in 1974 discussed the advantages and 
problems of using the integrated circuits (IC's) for protective 
relays. The use of discrete components, such as transistors 
and diodes, reduce the reliability of the circuits and hence, 
their number is limited to 50 to 100. The use of ids on the 
other l^nd increases the reliability, sensitivity and accuracy 
to about ten times. Hence their use, for protection system can 
give a response of 10 msec, or less with 1 /, accuracy and 
therefore], can dominate upto the year 1990. They also suggested 
a neVi/ design for distance protection, autoreclosure and high 
speed tripping devices. Verma et.al. [84], in the same year, 
suggested a new approach for the measurement of impedance by 
sampling the R and L of the lines using Hall crystal. They 
gave a block schematic diagram for realising quadrilateral 
characteristic in a novel way, Sharaugasundaram et.al. [88] 
in 1976, introduced a hybrid comparator in which the instan- 
taneous comparison of 3-input signals can generate conic 
characteristics which could be ideal for long transmission 
lines, El-Ala ily [89] in 1977, proposed a modified distance 
relay which is based upon coincidence period of four 
Suitably extracted voltage signals at the relay location. 
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All the relays mentioned above suffer, due to the 
increasing operating time, as the phase- comparison angle 
increases beyond 60®. The operating time becomes infinity 
at the boundary of the relay characteristic. The digital 
phase ccmparator proposed by Ramamooxthy and Lai [93] in 1979, 
is free from these drawbacks and also, from the time coordi- 
nation problem. The authors claim it to be superior to the 
analogue comparator. In 1980, Parthasara thy et.al. [94] 
described an adaptable distance relay suitable for heavily 
loaded EHV transmission lines. It has an adaptive feature, 
that, the characteristic is narrow for the balanced and power 
swing condition but, expand during unbalance fault conditions. 
Ramamoorthy and Lai [95] proposed a multi-input digital phase 
comparator to produce a quadrilateral characteristic v^hose 
reach in X and Y direction can be changed at will, paithankar 
and Thoke [96], in the same year, proposed a polarised quadri- 
lateral relay which has swievelling characteristic in the 
event of ground faults and, is also, suitable for double end 
infeed lines, Weller et.al, [102] proposed a new technique of 
phase comparison. The relay inputs are squarewaved, treated as 
binary and AND compounded. The states of AJ'ID gate output will 
have’ a particular sequence over ilie operating angular range, 
which is completely different from that over the blocking 
range. The tripping sequence is determined by the aid of a 
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counter, Marttila [l03] in 1981 proposed a new method of 
analysis for predicting the performance of polarised mho relay 
and the method is suitable for computer analysis also. 

In all the above cited relays, the measurement of fault-* 
impedance is done at steady state condition, hence, the opera- 
ting time cannot be less than 10 msec (■g cycle) to achieve suffi- 
cient accuracy and limited transient over-reach. The relay based 
upon travelling wave phenomena, have operating time in micro- 
seconds as the direction of travelling wave is to be determined. 

A new * Ultra-High-Speed Relay' based upon travelling v;ave phenomena 
is proposed by number of authors such as Yee et.al, [90],.Chamia 
et.al, [91], Matele [99] and Garter [lOl] and can detect the fault 
in fevi/ msec, (<5 msec). The first one of its kind is in use at 
500 IcY syste^ of BPA, USA and was installed in 1976 and seems to 
be best of all schemes. In 1981, Deshikachar et.al, [l04] proposed 
an improved scheme based upon travelling wave phenomena using a 
simple technique for choice of signals and tripping condition. 

They [109] also proposed a single phase, 3-zone, distance relay using 
TTL logic and many pulsing circuits which made the circuit compli- 
cated and prone to spurious signals. In 1933, Basu et.al. [ll3] ; 

devised a simple and effective method for the protection of 
series compensated lines. If uses a 4— input phase sequence 
detector to produce 2-quadrilateral characteristic by the use 
of transistorised logic gates. 

Now, the chapter wise description of the work reported 


in this thesis is given 
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1.3 CHAPTER WISE DESCRIPTION: 

Chapter 2 gives the ‘critical review* of some of the 
important relaying schemes which could be used for the 
protection of heavily loaded EHV/UHV transmission lines. A 
detailed study of these schemes is done and their merits and 
demerits are brought out. A close examination reveal^, thatj 
all of them suffer v/ith respect to simplicity^ flexibility^ 
compactness of circuit and performance of the relay. They, 
generally use analogue technique and hence, the operating time 
is bound to vary depending upon the type and location of the 
fault. Hence, there is an ample scope to deve lop^ a relay, 
using digital techniques, v/hich give constant operating time. 

Chapter 3 presents the new relaying scheme developed 
in this thesis. It describes the design, development and 
testing of the transient free, 2-input, block average, digital 
phase comparator relay using CMOS logic gates and digital IC’s, 
The relay has constant operating time of 15 msec. and is 
immun^. . to noise and spurious signals and power swing. 

The relay could be used both, as sine and cosine comparator, 
thereby, giving flexibility and economy. It can generate many 
important pick-up. Characteristics^ such as, directional, 
restricted directional, angle impedance i.e. ohm, reactance, 
pla ne impedance, angle admittance i.e, mho, offset mho and 
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elliptical and restricted characteristics etc* The operation 
of the relay is very simple and the hardware is kept to a 
minimum, which makes the relay economical, compact and more 
reliable. 

Chapter 4 deals with the design, development and the 
fabrication of a 3~zone single phase relaying scheme with a 
nev; operational strategy which could be used for the protection 
of the EHV/UHV transmission lines. The present work is an 
improvement and simplification of the work reported earlier, 

QtXDS logic gates and digital IC s are again used to give better 
noise immunity. The relay circuit is the extension of the 
work reported in the previous chapter. The signals are 
provided in a novel way and, the zone changing is done auto- 
matically due to zone time control. The operating time 
remains constant ( 15 msec) and varies slightly with fault 
current switching angle. The same relaying scheme could be 
extended to becane a 3-zone polyphase relay, simply, by 
tripplica tions of each phase module and OR gating the final 
trip signals of each units. The schome-I, using 2- input 
comparators, for polyphase relaying, gives the classical 
characteristics. 

The scheme-II and III, used for polyphase relaying, are 
based upon multi- input comparators and are effective fox all the 
ten typos of faults on three-phase systems. The 2- input 
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comparators are ccxivertod to multi- in put comparators by the 
use of AND and NOB gates. The scheme-II produces a modified 
mho characteristic with blinders, by the use of 3- input 
signals only. The scheme-III produce a quadrilateral chara- 
cteristic by the use of 4- inputs to each comparator but 
the fourth input is derived from same 3-signais, The dynamic 
performance is tested phase-wise and the operation of the 
polyphase relay is found to be' satisfactory. 

Chapter 5 describes the design, development and fabri- 
cation of a single phase Dynamic Test Bench v/hich is used to 
predict the performance of the proposed relays, both, in steady 
state as well as in dynamic conditions. It has a built-in 
•point-on-wave selector*, phase angle meter and the digital 
time interval metor to measure the relay operating time with 
respect to switching angle of fault current. The dynamic test 
bench is self contained and can simulate all the fault 
conditions on a power system network. 

Finally, the Chapter 6 concludes by reporting the 
salient feature of the work done in the thesis and out- 
lining the suggestions for future scope of work to be pursued 
in this field. 



CHAPTER 2 


PROTECTION SCHEMES OF EHVAJHV TRANa'lISSION LINES 
USING SOLID STATE COMPONENTS 


2*1 INTRODUCTION: 

Ther^ are several schemes for the protection of high 
voltage transmission lines by using static relays. Some are 
based upon old feithful^ 3-zone protection by polarised mho 
relay. These schemes required 3-sets of phase fault relay and 
3-sets of earth fault relay. Rectifier bridge phase-comparators 
were used with operating time of about 2-cycles, Later schemes 
used ’Switched distance schemes* in which 'fault detectors’ 
are used to connect the signals from faulted phase to the 
common relay. This also gave mho characteristic with opera- 
ting time of 25 to 40 msec, over most of the range. Modern 

\ 

trend is to use relay with quadrilateral characteristic as it 
is compatible with any type of line fault having high arcing 
resistance. 


Various schemes, as cited in the current literature, are 
studied in detail and their merits and demerits are brought 
out, A critical review of few of the important relaying schemes 
is reported in this chapter. These schemes show the gradual 


developments upto date. The main aim of the critical reyiew of 
/'('the different schemes is to develop^ a relaying scheme wt|ich is 
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fxee from the existing drawbacks and at the same time, it could 
be flexible, having simple circuit and minimum hardware. 

All the existing relays are, basically * Comparators* , 
which Can be either-phase, amplitude, composite, digital or 
directional comparators. These comparators are critically 
reviewed in the following paragraph, 

2,2 PHASE COMPARATORS: 

These relays give an output signal (i.e, trip signal) 
when there exists a phase difference, between 2 or more 
relaying quantities, within certain specified limits. Ideally, 
the output is independent of their magnitudes. These relays 
are capable of generating any type of threshold characteristics 
such as directional, plain impedance, angle inpedance i,e, 
ohm, reactance, angle adraitance i,e, mho, offset mho, modi- 
fied and restricted characteristic and quadrilateral etc. 

Static relays have certain advantages over the electro- 
mechanical relays. They are compact, light weight and impose 
low burden on C.T. and P.T, They are not affected by external 
Causes such as vibrations and shocks etc, as they do not 
have moving parts; which also make them fast in opera ticwa and 
free from contact racing problems. Static relays can give 
trip signal in less than one cycle which is essential for 
increasing the transient stability of the power systems, , They 
are also more sensitive reliable and accurate and have better 
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threshold characteristic. Static relays using solid state 

components are far superior to the Electronic : relays as the 

and 

power requirement is very low and they, are more sturdy£compact,It 
is easier to manufacture static relay and minituri- 

sation. is also possible. 

The phase comparators giving impedance characteristic 
is non-directional and also has large tripping area with the 
result that it is liable to operate during power swing. This 
drawback was overcome by the development of mho relay and it 
Was found mpst suitable for EHV line such as 400 kV lines etc. 
However, when pov/er demand increased, the lines were heavily 
loaded which made it prone to power swings. Thus a much 
narrower characteristic waS n required which ultimately made • 
use of modified mho or restricted mho relay. The best results 
were obtained with relays giving quadrilateral characteristic. 

The quadrilateral characteristic is most compatible 
with any type of line fault including the effect of fault (i.e. 
arcing ) resistance as it has minimum trip area. Hence, it is 
the desired characteristic for the long and heavily loaded EHV 
lines, as the relay will' not operate due to power swing and is 
also insensitive to the fault resistance. 

Single-phase switched distance relaying schemes were 
employed in the past, but they used more coiqDara tors, switching 
device and a fault detector. The relay was rendered inactive 
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in the event of failure of fault detector and switching device 
which gave- rise to the development of S-phase relay. Three- 
phase relay has the distinct advantage that it is immune 
to power swing, balanced load condition and sudden overloads. 
Polyphase relay can be either, phase relay, ground relay or 

combination of both. All modern three-phase relays use solid 

0 

state components f^r fast operation. If the relay operation 
is very fast (< 5 msec), then it is prone to transients and 
overeach , if the operation is slow (> 2D msec), the transient 
stability is poor. Hence a compromise is to be made for better 
accuracy, reliability and fast response , This has resulted 
in various designs, choice of proper relay signals and relaying 
techniques. 

Since several types of novel phase and ground relays as 
well as three-phase relays axe developed in this thesis, it 
is desirable to give critical reviews of existing static 
relays so as to compare their merits and demerits and need 
for the development of such new types of static relays with 
several distinct merits, 

2,2,1 Polarised Mho Distance Relay [30]: 

Operating Principle ; 

The polarised mho relay (p,m,r,) requires 3- input 
signals for its operation, though the final comparator is a 
2- input one. These signals are; (i) operating input (1^^) , 
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(ii) restraining input (Vj^), (iii) polarising input (Vp). If 
this polarising input is also derived from the . sains faulted 
phase, then, the relay fails to operate for close-in-faults. 

If the polarising voltage is derived from other means, then, 
the relay can also remain operative for close- in-fault. The 
requirements for polarising voltage are; 

a) The phase angle of polarising voltage should have 
a fixed relation to the restraining voltagej and 

b) The magnitude of polarising voltage must be greater 
than zero even if, for terminal faults, the restain- 

ing voltage approaches zero. 

In practice, it is not possible to satisfy both condi- 
tions and hence, a compromise is made in the selection of 
polarising voltage. Different methods in use are: 

i) Faulty phase voltage with memory action 

ii) Healthy phase voltage 

iii) Residual voltage 

iv) Residual current. 

All these methods have been tried successfully but 
each has its own merits and demerits. Pick-up characteristics 
for different polarising inputs can be derived by mathematical 
analysis. 

The merits of p,m, r, can be shown by considering the 
simplified theory as given" below; 
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The inputs to t;^'© basic phase comparator relay 

are; 


where , 


The Fig. 2*i(a) shows the basic connection of the relay 
and Fig, 2.1(b) shows the phase comparator inputs, . If Vp is 
in phase with then we can write: 

= Zp = 

and 3^= Z^- = Sg/I^ 

Where is the impedance due to polarising input Vp, The 
criterion for operation is: 

-90° < - ZS^ < 90° (2,3) 

the vector diagram is shown by Fig, 2, 1(c), 

In practice Vp and V^ are not in phase for terminal 
faults due to Z^/l^ inpedance angles. If the phase difference 
between Vp and V.^ is a, which is generally not more than 15°, 


S, = V. 






V, = 


- 




I, = 






( 2 . 1 ) 


then, we have. 
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r^' 


Sj[ = Zp La 

(2.4) 

The vector diagram for this case is shown by Fig. 
2.1(d). Hence Zj^ becomes a chord of mho circle where diameter 
of circle D = sec a. The polar ecfiation for the circle 

becomes, 

jz| - IZj^l cos (q( - e + a) seca (2.5) 

The reach in the resistance axis for terminal fault 
(Qf = 0) is, 

\z\ = |Zj^t cos (© - a) seca = Rj (2.6) 

where R is the arc resistance. 

Fig, 2.1(e) shows the polar curves by testing the 
actual relay based upon the detailed analysis where 9 = 60^, 

= 1.42 and =s 0.14 ^-15°. The curves are normalised 

and operating criterion being + 75°, It can be seen that 
p.m.r. adjust its reach automatically for the arcing faults 
on short lines. 

The Salient features of the p.m.r. are; 

1, The relay provides offset in the negative impedance 
quadratu^ ?/in the case of unbalanced faults. Thus 
it provides additional reach in the direction of 
resistance axis. 
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2* The relay characteristic for reverse power flow is 
a circle lying entirely in the negative impedance 
quadrature and -not enclosing origin. Hence relay 
is directional* 

3* The relay adapts itself to the system condition while 
retaining the ability of insensitiveness to the 
impedance due to load current and power swing, 

4, The new theory developed is better than previous 
existing ones and hence, it is possible to predict 
the performance of the relay to the actual system 
conditions, 

5, Derivation of polarising voltage and relay character- 
istics are available for different types of faults. 

Drawbacks : 

1, It is not possible to have fixed relation of phase 
angle between and Vp, hence fault resistance 
problem always exists for the protection of short 
lines, 

2* Due to high ratio on short lines, there are 

chances, that, iiie relay may operate due to power 
swing, 

3* For the proper setting, the angle between impedances 

Cannot be met with series capacitor compensated 
lines and hence setting becomes indeterminate. 

Thus, there is a scope for a relay having better chara- 
cteristic (viz* quadrilateral) which is compatible with any 
type of line faults and at the same time, iimnune to power 
swing. 


and should not exceed 10®* This condition 
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2«2«2 Composite Polar Characteristics in Multizonal System 
of Phase-Comparison Distance Relay [38]: 

The composite characteristics are based on the work 
done by Humpage and Sabbrewal [Sl]* Multizonal protection 
with improved characteristics are achieved by using suitable 
logic, phase coirparator and zone-time control. 

Operating Principle ; 

The operation of relay, based upon phase comparator, 
requires three essential circuit operations: 

a) The derivation of rectangular waveform , the width 

of which is a measure of phase displacement between 
the input relaying signals, 

b) A means of detecting this width, corresponding to 
the phase displacement between the input signals^ 
within predetermined angular limits, 

c) Zone- time control and suitable logic for combining 
the individual characteristics and adjusting the 
reach of the relay. 

Realisation of Composite Characteristics : 

3- Zone Directional - Reactance Protection (2-Siqnal Compariscai) ; 

Figure 2, 2(a) gives the block diagram of the protection 
scheme, Con^arator A gives the reactance characteristics 
for zone-1 and zone-2 whereas comparator B is a mho type 
starting relay for zone-3, If the fault lies in Hie primary 
zone, then the relay trips directly within shortest possible 
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time, otherwise after zcwie-2 time delay. The relay input signals 
and coincidence are shown in Fig. 2.2(b), and -the characteri- 
stic in Fig, 2.2(c). In all there are four signals, as given 
below, to obtain the required threshold characteristics: 


^1 ^«1 \ ^ W /^i-A 

W 2 / ^2 " \ 

^ 3 ." ”^3 ^ ^3 ~ 

S4 = K4 ia^ 



give reactance 
cha rac ter is tic 


give mho chara- 
cteristic. 


(2.7) 


3-2one Mho Protection (Multisjqnal Comparison) ; 


Figure 2.3(a) gives the block diagram of this scheme. 
Signals and Sg giye niio characteristic in zone-1 and zone-2, 
virtiereas signal and provide the characteristic of 

zone- 3 with proper constraints. The final characteristic is 
a composite characteristic as shown in the Fig, 2, 3(b), In 
all, there are five signals, as given below, to obtain the 
required characteristics: 


= *^2 ^“2 \ 


mho characteristic 
for zone-1 and 2 


( 2 . 8 ) 
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Fi3.2-3C0) MULTISIGNAL COMPARISON 



Fi9.2-30>) CHARACTERISTIC 
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S 3 = -K 3 lc‘3\ + 

W 3 / 

' ®3 - «‘l 

composite chara- 




cteristic 

S 4 - K4 L°^4\ + 


' »4 - 

for Zone— 3 

S 5 = 


^ 95 - s(l 



The Salient features of the protection schemes ares 

1 , Any desired characteristics can be achieved by suitable 
logic, using atleast two phase-comparators and inde- 
pendent control over the reach can also be provided, 

2* The geometrical construction developed assist in the 
design of comparator input circuit, ^ , 

3, A quadrilateral, characteristic is fjtg jsibl e by using 
2 -comparatoxs to secure independent control on the 
reach in the resistance and reactance axis. This 
enables the relay more compatible for any type of faults, 

4, In a 3-zone scheme, mho characteristic is used for 
pr^jmary zone. The zone-3 characteristic is additionally 
controlled to provide long forward reach with immunity 
to power swing (elliptical characteristic), 

5, Distance back-up protection using other controlled - 
tripping characteristic are derived and applications 
are given. 

Drawbacks ; 

1 , It is necessary to have time- coordination for proper 
relaying (tripping) which leads to increased response 
time, 

2, The relay operation is sluggish one over the boundary 
faults, 

3, The final relay circuit becomes more sophisticated by 
using these techniques. 
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2*2*3 New Static 3-Step Distance Relay [36]: 

This scheme which waS proposed by Parthasara:thy, uses 
discrete components for different functional blocks and S.C.R* 
as final output, device* The relay is suitable for long heavily 
loaded lines for all types of faults. The brief operating 
principle of this relay is given below: 



The block diagram of the relay is shown in the Fig, 
2.4(a) and the corresponding characteristics in Fig, 2.4(b), 
The multi-input comparator uses block-spike principle which 
provides the fastest measurement of direction and distance to 
the fault. 


The inputs to the phase comparator are: 

s= (pulSG at voltage zero) which is negative, 

52 = Il« - \ 

53 = 

54 = Vj_^ (2.9) 

The It Z„ pulse will appear at the output of comparator 
L H 

only* if, at the same time, all the three remaining input 

voltages are simultaneously positive. Criterion for operation 

and the characteristics are as follows; 

i) pulse and gives a directional chara- 

cteristic with criterion for operation as 
(© - 90°) < < (© + 90°). 
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ii) pulse with Vj^ and gives blinder chara- 

cteristic in the form of two parallel lines. Criter- 
ion for pulse to appear at output is: 

ZZl < « < (2.10) 

The combined operation of above two comparison gives 
a polar characteristic, with three sides closed and open at 
the top. In the case of close-in fault when disappears, 
gated by and hence, positive operation is 

obtained. 

The fourth closing side of characteristic is obtained 
by zone differentiating circuit. For faults within zone-1 
reach, zone-l AMD gate opens at the arrival of pulse. For 

faults within zone-2 and 3 reach, the respective gates open 
after required time delay. Thus a closed characteristic is 
obtained. 

The relay waS designed and fabricated and its performance 
Was found to be very Satisfactory, 

The Salient features of this relay are: 

1, The polar characteristic obtained is compatible 
with id\e fault characteristic, and is immune to 
power swing as blinders are used. 


* 
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2, The relay is ideal for very long, heavily loaded 
lines, 

3, The fault detection time is only one cycle, 

4, The transient overreach is in limit and not more 
than 9 percent. 

5, The relay can be designed for use with either 
carrier current or microwave pilot. 

The drawbacks of the relay are: 

1, It requires an auxiliary transformer with multi- 
tappings and a transactor which makes it bulky. 

be 

2* Block-spike comparison may^prone to spurious signals* 
2.2.4 Polyphase Distance Relay [70]: 

The relays discussed in the earlier para are essentially 
single-phase relays. The main drawbacks of these relays are 
their large numbers of relay elements. In traditional system, 
we need three. nos, of phase relays for phase faults and three 
numbers of ground relays for ground faults. Thus we need six 
relays, each having three measuring units, i.e, in all we 
need eighteen relay elements. In addition a fault detector is 
also needed* This makes the relaying scheme very bulky. 

To solve this problem, switched distance relays were 
developed first. However, because of inherent drawbacks of 
this scheme , especially because of failure of switching device, 
polyphase relays have been developed and prefered over 
switched distance relays. 
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Most of the polyphase distance relays fails to operate 
on 3-phase faults or underreach for line to earth faults* 

Hence they require more than one decision/measuring units [68] 
to operate correctly on all ten types of shunt faults. Pai- 
thankar et al. [70] describe a relay which require only one 
measuring unit and a simple phase sequence detector responding 
correctly to all the ten types of shunt faults. The operating 
principle of the relay is described below: 

Operating Principle : 

Whenever a fault occurs on 3-phase system, the phase 
sequence of the relaying inputs S 2 > and changes 
depending upon the type of fault. If the phase sequence can 
be sensed and detected, then a trip signal can be given 
depending upon the unwanted phase sequence which is a indi- 
cation of fault. 

The Fig. 2, 5(a) shows the measuring circuit connected 
to the relay. Fig, 2.5(b) and Fig, 2.5(c) shows the sequence 
during normal power flow (tripping direction) and reverse 
power flow (non- tripping direction) respectively. The phase 
sequence during various types of faults is studied and it is 
found, that the relay (sequence detector) needs to given 
trip output only for the following distinct phase-sequence. 




V. T. ■ TRANSACTOR 

Fi5.2-5Cfli) relay connections 



^l9.25Lb)FORWARD POWtR FLOW FiQ.2-5LCi reverse POW'ER flow 
SEQUENCE- S,lS^!S,lS^ SEQUENCE - S,|S2}S3iS4 
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3^/33/32/54 

S1/S4/32/S3 

Sj^/ 33 / or S 4 /S 2 


( 2 . 11 ) 


It can be further seen that phasox S 3 or S 4 follows 
phasor for proper tripping, v/hile no tripping is provided . 
if 52 follows Sj^, This suggest a suitable pulse-sequence 
detector as shown in Fig. 2.6. The working of the relay is 
self explanatory. 

The four basic relaying signals required to give proper 
operation for all types of faults are computed as,: 

51 = ''a - ^ 

52 - (It, + 

h = Uc + KI„)Zj( (2.12) 

S4 = V 

A polyphase relay was designed and. fabrics ted and was 
found to give correct tripping on all types of faults. The 
analysis was done by using the technique of Paithankar and 
Deshpande [64]. 

The Salient features of the relay are: 

1. It uses only one 4- input phase-sequence detector 
as a decision unit and simplifies the circuit, 

2. It could be the simplest and foolproof device for 
all types of line shunt faults. 
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3* It gives a restraining output for sequence that 
correspond either to normal power flow conditions 
or fault outside the protected zone, 

4, The relay has constant reach and is inherently 
directional upto Z_/Z^ = 22, 

^ ri 

, 5, Transient overreach for Z^/Z^ < 10 is < 10 percent 

S 

whereas for Z^/Z^ > 10 is < 15 percent, 

6, The relay can be used as back-up with the carrier 
or with microwave as the primary channel of prote- 
ction for long lines. 

Drawbacks ; 

1, The relay may not operate, due to high arc resistance, 
at the balance point as the characteristic is narrow 
at that point, 

2, The relay may give delayed tripping due to d. c, 
offset component present in the post fault current, 

3, The operating time can be as high as 4 cycles near 
the balance point due to maximum d,c, offset 
current and hence, not suitable for EHV lines, 

4, The relay is not suited for short lines due to 
increase in transient overreach. 

5, It is designed for single-zone operation only, 

2.2.5 Polyphase Ground Distance Relaying by Phase Coincidance 
Principle [67]! 

The earliest ground fault impedance relay was devised 
by Rao [l9] and it works on the amplitude-comparison of fault 
points sequence voltages. It suffers from the defect of 
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having separate reach for single line to ground fault and 
double line to ground faults. This defect was overcome by 
switching arrangements in the measuring circuit which makes 
it rather complicated, A much simpler version was put forward 
by Rockf«ller [40], It gave excellent results for all single 
line to ground faults but was not found suitable for double 
line to ground faults, Bhattacharya [68] et.al, devised a 
polyphase distance relay, based upon 2-input phase-comparison, 
which could cater for all ten types of line faults but at the 
cost of triplication of comparators. Gupta [54] and Paithankar 
[7o] devised polyphase relays based upon the phase sequence 
detection of compensated line to ground voltages of three 
phases. These schemes have the drawback that the tolerance to 
arc resistance is very marginal and the relay may maloperate 
due to spurious signals, 

Choudhtri [67] et.al. devised a novel method for 
polyphase ground fault relaying with the help of simple coin- 
cidence principle of the selected input quantities. The 
relay works correctly on all single line and double line to 
ground faults and remain inoperative for all phase faults 
and three phase to ground faults. 

Operating Principle ; 

A measuring circuit as shown by Fig, 2.7 is used to 
generate three relaying signals V^. and which has a mutual 
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phase difference of 120° at balanced (or unfaulted) condition 
(Fig* 2.8), Hence, there is' no coincidence between these 
signals. The compensated relaying signals are: 




^2 = \ = Vj, - Clb+KI^„) 

S3 = = V, - (Ie*KI,o) Zr = 


(2.13) 


Now, it can be seen from the above equations that the 
phase sequence also remain the same at no load and at balanced 
load Condition. During single line to ground fault on a phase, 
the phase sequence changes from X,Y,Z to X,Z,Y} or there is a 
coincidence between signals V ,y ,V . All the signals now, are 

J\ J ^ 

within a span of 180°, It is evident from Fig, 2.9 that during 
a-g fault, the relay will operate so long as lags by 0^<18O° 
or leads by < 190°, For a fault behind the relay, the 
compensated voltage never comes within a span of 180°', hence the 
relay is conpletely directional. Similar limits may also be 
specified during b-g and c-g faults. The tripping characteristic 
is as shown by Fig. 2.10 for a-g fault in forward and reverse 
direction. The analysis can be done on the basis of 2- input 
sine comparaters as suggested by authors. 

The cbnplete relaying scheme is as shown by Fig, 2.11, 
the operation of which is self explanatory. Various steady-state 
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C.T. 
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and dynamic tests were conducted and the relay was found 
completely stable. The salient features of the relay are: 


1. Very simple and fool-proof relay circuit is devised 
which operates correctly for all single line and 
double line to ground faults but remains inoperative 
for double phase and 3-phase faults, 

2» The relay is completely directional and is immune to 
balanced load and power-swing. 

3, The relay has high tolerance for arc resistance and 
only 10/< transient overreach, 

4, The relay has high accuracy upto a range of 40 to 50 
of the reach and a constant reach for different type 
of ground faults, 

5, The operating time is between 18 msec to 25 msec, at 
any distance of fault from relay to balance point, 

6, An exact equivalent circuit of relay is developed which 
helps in predicting the performance characteristic 
during different types of faults. 

Drawbacks ; 


The relay is prone to maloperation due to spurious 
signals, 

2, The relay is only suitable for single line and double 
line to ground faults, 

3* The relay is designed for single-zone operation only. 


Hence, there is scope for a better 3-zone polyphase 
relaying scheme which can cater for all types of shunts faults 
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2,2,6 Versatile Digital Phase Comparator Relay [93]: 

The proposed comparator, is a close digital version of 
analog type of block average comparison scheme, and is free 
from many limitations of conventional schemes. The operating 
time is equal to one cycle of operating frequency, anywhere with*- 
in the trip region, and then, abruptly changes to infinity at 
the boundary of the relay characteristics, phase angle depen- 
dent angular criterion [75] Can easily be obtained which may 
provide greater irrmunity to sudden heavy loading and power 
swing* 

Operating Principle ; 

In this scheme, as shown in Fig, 2.12(a), the ’conven- 
tional Capacitor’ is replaced by a digital up/down counter fed 
with constant frequency pulses. The net count, if positive 
(up counting) at the end of each cycle, is taken to conclude a 
trip condition. The digital scheme initiates a trip signal as 
soon as the up counting period, over one cycle, is greater than 
down counting period. This also resets the updown counter as 
shown by Fig, 2,l2(b), No trip signal is initiated when up 
counting period is less than down counting period* The up/down 
? co unter is lesetted at e ve ry ha l f cycle . Hence, the relay 

A ' 

operating time remains constant and is of one cycle duration, 
Asymmetrical angular comparison (criterion) can be obtained by 
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changing one clock frequency and counting pulses during 
coincidence and anticoincidence periods. Thus, characteristics 
made of two symmetrical arcs of circle can be obtained. 
Quadrilateral characteristic can be obtained by using 2-relays 
and applying asyrranetrical angular operating criterion. The 
special features of this relay are: 

1* The relay uses block average scheme and gives 
transient free operation, 

2, Operating time is uniform and, is of one cycle 
duration only, 

3. No time coordination problem arises as the operating 
time is uniform over entire tripping area. 

Ad The relay is suitable for phase angle dependent 

variable area characteristic which prevent maloperation 
due to power swing and heavy overloads, 

5, The relay characteristics are immune to small changes 
in frequencies so long as the ratio among them is 
maintained. This could easily be done by frequency 



6, The relay seems to have excellent dynamic performance. 
Drawbacks : 

1, The TTL gates are used which are sensitive to spurious 
signals and hence, relay could be prone to transients 
and line disturbances. 
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2, A true polyphase relay detecting all faults may be more 
costlier and sophisticated than analog relay* 

3, The relay performance could be greatly improved if 
OAOS logic or high threshold logic circuit are used 
in place of TTL gates. 

4, It is designed for single-zone operation only 
2.3 A^^LI■^JDE COMPARATOR: 

These relays give an output signal (i.e. trip signal) 
when the amplitude of operating signal exceeds than that of the 
restraining signal by a predetermined critical value. Ideally, 
the output is independent of the phase difference between two 
relaying signals. The relay is capable of giving any type of 
threshold characteristics. Recent developments have shown, that 
these relays are more suitable for quadrilateral characteristic 
and also much more simpler than phase comparator relays. 

2.3.1 Developments in Amplitude Comparison Techniques for 
Distance Relays [58]: 

Most of the phase and amplitude comparators use a 
transactor for mixing the relaying signals which deteriorate 
the dynamic performance of the relay. Developments in the 
amplitude comparison techniques [5,8,56]|have made it possible to 
realise different types of threshold characteristics by suitable 
comparison of signals derived from primary line quantities. 
Mclaren [48] extended this principle to a nev; sampling technique 
which allows a comparison of instantaneous values derived at 
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different instant of time. These schemes require more compli- 
cated circuit, and hence, .author developed a simpler scheme in 
which relaying signals are derived from primary line quantities 
and instantaneous comparison of amplitudes is done at every 
instant of half cycle. It is, basically, a sine wave comparator, 
and only one measuring gate is required. Variety of pick-up 
characteristics can be obtained, but the technique is most 
suited to obtain quadrilateral characteristic. The principle 
of operation is aS follows; 



The Fig, 2.13(a) gives the block diagram of the complete 
relay and its characteristic is shown by Fig, 2.13(b), It can 
be seen that K^Ij^ and 3^® operating quantities 

whereas, K^Ij^ B.x\d are restraining quantities. The 

instantaneous values of and K 2 lj^ are compared with K^Vj^ 

continuously and judgement is made whether operating quantity 
is smaller or greater than restraining quantities. The relay 
characteristic can be represented by; 










(2.14) 


For a quadrilateral characteristic, we take =0, and 
©2 = 0? hence the operating quantity is ZSil + |K2Ze2l 
restraining quantity is The operation of the relay 
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is clear from the waveforms as shown by Fig* 2.13(c), Depending 
upon the value of the phase angle 0, the restraining voltage 
for tripping condition is limited either by point E on voltage 
signal = 0) or by point F on voltage signal 

= 0 ). 


V/hen is limited by point E and 0^ > the 

operating criterion emerges as: 




Kjl^}sin(©2 •" I 

K3|sinC02 - 0)1 


(2.15) 


When is limited by point F, the operating criterion 

emerges as : 


K^l sinCO^ - Q ]^)} 

K3lsin(02 - 9 ^)\ 


( 2 . 16 ) 


Equations (2,15) and (2*16) represent characteristics (lines 
AE and BC) which are inclined to real axis by angle and 0^ 
respectiWly, 

Changeover of operating characteristic from line aB to 
BC occurs when phase angle exceeds angle a which is given by 
eqnSr, (2*15) and (2.l6)pi.e. 


tan a 


Kj^sin + ^2 ®2 

-f cos ©2 


(2.17) 


Full wave rectification of the relaying signals produces 
image characteristics. Hence line DC and aD are parallel to 
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AB and BC respectively. The characteristic can be shaped by 
changing 0^^ and 

The proposed relay was designed and fabricated and 
dynamic test results were presented which agree very well with 
the theoretical ones. 

The Salient features of this relay are: 

1, No transactor is required with the result the 
burden is very low, 

2, The scheme eliminates, zero-crossing detector, delay 
unit, sampling gates and amplitude pulse duration 
convertors. 

3, Closed and improved polar characteristics with sharp 
discontinuities are obtained by using single measuring 
gates, 

4, Simple mode of relay circuit and input signals, 

5, The relay allows realisation of directional and 
over-current control, 

6, The maximum over-reach during angular range of 60° 
to 210° is less than 10 percent, 

7, Operating time for 80 percent setting is less than 
1,5 cycle and near threshold, it is less than 

3 cycles. 

The relay has several drawbacks i,e, 

1, It may not operate for close-in faults, 

2, The operating time is quite large and thus it is 
not suitable for protection of EHV lines. 

It is designed for single— zone operation only. 


3, 
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2*3.2 Multi-input Amplitude Comparator for Quadrilateral 
Distance Relay [so]: 

This relay is based on sine-wave comparison principle 
and is free from raaloperation due to stray pulse as reported 
by number of authors [43, 60] .The comparator is found to generate 
(n-l) characteristics, if n represents the total sinusoidal 
inputs. The resultant characteristic is common area of (n-l) 
such characteristics. The operating principle of the relay is 
described below: 

Operating Principle : 

The relay operates when all operating inputs 52,32*.. 
becomes greater than restraining input S^. Thus suitable 
comparator circuit described by Fig, 2.14(a) is equivalent to 
(n-l), 2- input comparator with their trip contact AND compounded. 

Let the inputs be: 

Si = t K2q 

^2 ~ ^3^ ■*' ^4*^ 

S3 = KgP + Kj,q 

^4 ~ + ^ 8 ^ 

% = KgP + ^ 10 ^ (2.18) 

Simple mathematical manipulation as reported by 
Mathews and Nellist [ 29 ] would lead to 4 different, 2- inputs 
comparator equations as shown: 
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w-a _ ^ r 

w-b Kj_ 1 

w>a _ ^5 

w-c “ ~ 2 

^ = !lZ - r 
w-d Kj^ “ 3 

w~a _ il9 _ _ 

w-e Kj^ 4 


for pair 
for paix Sj^ 
for pair Sj^ 
fox pair 


and 

and 

and 

and 


Where, 

-IZ ^ . -‘^6 

a = -^,b=-^, ': = -^ 

“Kin 

e - and w = 2 . 

Kg 



If Kj^ = K 3 = K 5 = = Kg, then. 



(2.19) 


( 2 . 20 ) 


Hence the equations of 4-comparators will reduce to four 
straight lines. These four straight lines will be perpendi- 
cular bisector of the line AB, AC, AD and AE, v/here points A, 
B,C,D and E are the extremities of vectors a,b,c,d and e 
respectively. The polar characteristic obtained by the above 
technique is shown by Fig, 2,14 (b). 


The condition for trip output of AI'^D gate is: 
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and E3 > 

AND E 4 > E^ 
AND £5 > 


The proposed relay was designed and fabricated and 
static tests were carried out. 


The salient features of this relay are; 


1* No elaborate pulse v;idth detector is required. 

2. The shape of the characteristic is fixed but indepen- 
dent control of any one straight line is feasible, 

3, The inputs can be derived for any desired shape of 
quadrilateral characteristic by using graphical 
method and transactors. 


4, The circuit is simple and it is easy to add or 
subs tract any new constraint. 


5. 

6 , 


The relay sensitivity remains constant upto Zg/Zj^=6,5, 


The operating time at 80 percent of first section is 
less than 10 msec, and at threshold, greater than 
40 ms ec , 


Drawbacks ; 

1. Many transactors can cause trouble and also delay 

in operation, and at the same time the relay becomes 
bulky and uneconomical* 

2. Stray pulse may maloperate the relay as the response 
tine is less than 10 msec, and the tripping is based 
upon instantaneous amplitude compariscai. 
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3, Dynamic behaviour may be inferior compared to 
other schemes, 

4, The VA burden is large due to many transactors, 

5, The relay is not suitable for short lines aS 
Zg/Zj^ ratio is small. 

6, It is designed for zone-1 operation only^ 

2.4 ULTRA HIGH SPEED RELAYING (UHSR) ; 

All the schemes discussed so far, have operating time 
of more than 10 msec, cycle) and they are also not able to 
operate for end zone faults. The fault detection time cannot 
be less than 10 msec, because the measurement of fault 
impedance is done at steady-state conditions^ i,e, when the 
transients are bypassed or filtered out. This is also necessary 
to have less transient over-reach. The stability and dynamic 
control of interconnected power system depends upon the speed 
of fault clearing. Thus the ultra high speed clearing of faults 
increases the transient stability and better power transfer 
capabilities of surplus power betv'/een large regional systems, 

A new *Ultra High Speed Relay* based upon travelling 
Wave phenomena, which can detect and determine the fault in a 
few milliseconds, is proposed by a number of authors 
such as, Yee and Esztergaiyos [90], Chamia and Liberman [9l], 
Matele [99], Carter [lOl]etc, The first of this type of scheme 
proposed by Chamia and Leberman and installed .by ASEA, Sweden 
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in 1976, is in use for 500 kV system in Broneville Power 
Administration, U.S.A. and seems to be the best of all the 
existing schemes. 

The above scheme is, basically, a directional compaxison 
scheme. In this scheme, the fault-generated components of the 
voltage and the current of the f irstfia veiling waves reaching 
the relaying points are used to determine the direction to the 
fault. These components are of opposite sign for a fault 
ahead of relaying point, and are of the sarijs sign for a fault 
behind the relay location. Thus, only for an internal fault, 
they are of opposite sign at both the ends of the protected 
line, A recent development, proposed by Desikachar and Singh 
[l04] is discussed in the following paragraph, 

2,4,1 Operating Principle of UHSR [l04j , 

During steady-state condition, there is no change in 
the line voltage and currents and thus, they have the normal 
values depending upon the load condition. But, during fault, 
transients are produced which add an additional fault generated c 
ponent of voltage and current to the normal existing prefault 
voltage and current. Hence, we can write: 

V = Vpf + Vf 
= 


i 


( 2 , 21 ) 



61 


St'vidtYi3 p,€.ctjLvmq 

, £y\d 

n ReloAf Loca-tujw h 



LOwttict piOLjv'tms'For External I'nttvi^Owl Faa.W^ 

Ft9. 216 


62 


where and are prefault components and and are 

fault generated components of the voltage and current respe- 
ctively and V and i are the voltage and current at any point 
of the system at any instant. 

An EHV/UHV transmission line is very long and has 
distributed parameters and thus, the fault generated components 
would create travelling waves and could be tapped-off at the 
relay location aS relaying signals. Thus, the fault will 
produce travelling waves; and, for a lossless line, the fault 
generated components are given by the well known wave equation 
aS shown, 

Vf = fj_(t-x/u) + f 2 (tfx/u) and 

if = ^ [fl(t-x/u)- f^d^t-x/u)] (2.22) 

where, t,x,u and are time, distance from the relay location, 
velocity of propagation of the travelling waves and surge 
impedance of the line respectively and f^ and f^ are arbitrary 
functions. 

It can be observed from the above equation, that 
f^(t-x/u) represents a forward travelling wave and f^Ct+x/u), 
a, backward travelling wave and also, that backward travelling 
Waves of voltage and current are of opposite sign and the 
forward travelling waves of voltage and current are of 
Same sign. 
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The relaying signals, after proper reduction of magni- 
tudes fed to unity ratio amplitude comparator, are 

% = ’* 

S 2 = + i^R (2.23) 

'Where R is a surge impedance equal to Y^L/G, L and C are 
inductance and capacitance per unit length of the line respect- 
ively. 

Now, it Can be observed from the Fig, 2, 15(a) that, for 
fault behind the relay location, v^ and i^ are in the same 
direction, hence, by equation (2.22) and equation (2.23), 
[S^j<|S 2 l and the relay does not operate. For a fault at 
distance x ahead of relay location as shown by Fig, 2, 15(b), 
v^ and i^ are of opposite sign and hence lS^i>|S 2 l which is an 
indication of internal fault and thus the relay operates. 

For a fault at the farthest distance or near the balance 
point (x = H), the condition jSj|^l>lS 2 j will be detected after 
a time delay of T, equal Vu sec. Thus the maximum time of 
operation for the end zone fault would be of the order of 
microseconds only. If a fast microwave or carrier communi- 
cation channel is used between two ends, the exchange of 
information can be done and thus, the relays at both the ends : 
Can operate simultaneously. The salient features of the 


UHSR are; 
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1. It is very fast in operation (< 5 msec,)* 

2. There is no necessity of measurement of fault 
impedance aS only, transients are considered, 

' 3, Saturation of C.T. and P.T. and d,c. offset in 
fault current does not affect the relay 
performance, 

4, The relay is, inherently, insensitive to balanced 
load and power swing, 

5, The relay has high accuracy, sensitivity and 
discrimination property for any range, 

6, The relay burden is low and no time coordination 
is needed between the relays at the two ends. 

Drawbacks ; 

1. The relay is highly sophisticated and may be 
costly also. 

2, There is no point in installing such relays when 
the circuit breaker operating time is generally 
large. 

2,5 CONCLUSION; 

An upto date critical review of some of the important 
relaying schemes, intended to be used for the protection of 
EHVA^HV transmission lines, is done in this chapter. All 
these schemes suffer from one or other drawbacks; hence, 
there is a scope for developing a relaying scheme which is 
free from most of these drawbacks. Following chapters report 
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the design, development and testing of a digital phase- 
comparatox and a complete relaying scheme which is simpler 
in circuitry, compact, reliable, economical and free from 
existing drawbacks. The relaying scheme is flexible, could 
be used both as cosine and sine comparator, suitable for 
single phase or polyphase with standard S-zone of operation, 
giving either mho, modified mho or quadrilateral characteri- 
stic, simply by the change of input signals and using appro- 
priate mode of operation. 

A novel 3-phase relay, which is free from most of 
the drawbacks of the existing relaying schemes, is also 
proposed, designed, developed and tested. Finally a Dynamic 
Test Bench, to test all these relays, have been designed and 
fabricated. 



CHAPTER 3 


A general purpose static relay using digital circuits 

3a' INTRODUCTIONS 

Static distance relays are commonly used for the 
protection of EHV/UHV transmission lines due to their high 
speed of operation, accuracy and reliability. Practically, 
no maintenance is needed once the relay is put into service 
except for checking VT fuse, transactor, and simulated fault 
clearing by relay. The relays [36,38,47] generally use 
analog devices which give delayed operation at threshold condi- 
tion. The operating time is a function of phase displacement 
and becomes infinity at the boundary conditions. This creates 
a serious relay coordination problem [66], This drawback was 
overcome by P.amamoorthy and Lai [93] by developing a comparator 
in which, the response time v/as kept constant. The authors 
used digital techniques and TTL logic gates (circuits). This 
relay was capable of generating many important characteristics 
' such as ohms, directional, mho, restricted ohms and elliptical 
characteristics using variable angular criteria, for operation, - 
They also obtained a- quadrilateral characteristic, based upon 
multi— input coincidence principle, but, rather in a different 
Way, The digital relay appeared to be good at first sight, 
however a detailed study showed the following general drawbacks 
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1. TIL gates used are sensitive to spurious signals due 
to lovi/ noise immunity, thus the relay could be prone 
to transients and line disturbances, 

2. The basic comparator circuit appears ' to be more compli- 
cated, using more components, hence less reliable, and 
also, uneconomical and slow in operation (l cycle to 

2 cycles). 

3, The Same relay (comparator) can not be used to obtain 
quadrilateral characteristic, 

4, The Same comparator cannot function, both, as cosine 
and sine comparator. 

These drawbacks of existing digital relay could be 
elliminated by using CMOS IC’ s and simple relay circuit* This 
chapter presents the theory, design and development of an 
improved digital relay and technique for obtaining different 
types of threshold characteristics. Efforts have been made to 
keep . the hardware to a minimum, so as to give economy and 
reliability with fast operating time. Flexibility is provided 
so that the same relay could be used, both, as cosine and sine 
comparator and can cater to additional requirements like 
power swing blocking etc, 

3,2 an improved DIGITAL COMPARATOR: 

The comparator described is an Integrating Block Average 
type with minimum operating time of 15 milli-sec. under steady- 




8.1(0) ANGULAR LIMITS a TRIPPING ZONE 
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state condition and maximum operating time of 20 milii-sec, 
under dynamic condition. It is free fr om they^d.cT tranaient '' 
c omponen t appearing in the fault current and hence, this is 
boiaid to give better performance under transient conditicMi 
also. Power-swing blocking can be applied through AND-gate 
(Fig* 3.2), The novel feature of the comparator is that 
it can be used as sine and cosine comparator and also a® a 
multi-input comparator giving any desired characteristic. 

Apart from being used as single phase relay, with slight 
modifications, it can be used as a polyphase relay also thus, 
giving additional advantage of economy, maintenance and ease 
in relay coordination. 

3,2,1 Operating Principle; 

The two-input or multi-input phase comparator developed 
is symmetrical. In general, 2- input phase-comparator initia- 
tes relay tripping when the phase angle a satisfies the 
conditic«n: 

- P2 ^ ^ ^1 

The phase angle a is positive when signal leads 
and is negative when lags S^. In majority of applications, 
the angular limit of phase comparison and are equal to 
+90*^ and such comparators are called as 90^ phase comparators 
or ’cosine-comparator*. This gives a directional characteristic. 



m T4C22 
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71 


the trip area being on right hand side for the variable signal 
as shown by Fig. 3.1(a). The coincidence of signals and 
(190-a), if more than 90^, initiates relay tripping. The 
tripping level is almost set equal to zero, that is why the 
response time is more or less the same upto +90^ of phase 
displacement. 

The same tripping characteristics can be obtained by 
taking signal and S 2 and measuring the anticoincidence oc* 
between them. Tripping occurs when, 

§1 > a’ > Pi (3.2) 

If = 90® then = 270® 

thus 270° > «• >90® 

Hence the same comparator functions as sine-comparator 
in which tripping occurs when -S^ leads $2 by more than 90® 
over a range of 0 to 180®. The v/aveforms are shown by Fig., 
3.1(b) and (c). 

3,2.2 Di^scxiption of the Comparator: 

The schematic diagram of digital phase comparator is 
shown in Fig. 3.2. Flip-flop F-1 is used as synchronizer 
whereas F-2 is in * toggle mode’ . Hence, the first pulse to 
F-2 operates the monomul ti M-1 and second pulse operates M-2 
in such a way that, there exist a phase difference of 180® 

(10 msec, duration) between the outputs of M-1 and M-2, 



12 





5{a) COlNeiDENCE-ANTlCOiNCJOENe 3 (b) COiNCIOENCE > ANTICOINCIOENCE 

(THRESHOLD CONOHION) ‘ (OPERTING CONDITION) 

nq. 3.3 ioPERATION OF C0^4PARAT0R 
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Monomulti M-1 and M~2 are used as ‘pulse strecher* whose 
outputs are ‘AND compounded' by gate A-2, Thus, the operation 
of comparator, due to d.c, offset current, is prevented 
during ‘ threshold condition' « The aj-jd gate A-3 is used to 
block the operation of relay during ' power-swing' * Norinally» 
the control input of A-3 is set at logic (1) but becomes (O) 
due to the effect of 'power-swing'. Hence, the gate A-3 
does not pass signal and thus no output from final AND gate 
A“2 • 

The sinusoidal inputs and S 2 > after being converted 
to Square pulse, are given to Exclusive-OR gate (Ex/OR). Thus 
the Q output of F-1 is the measure of anticoincidence (Ex/OR) 
where is the measure of coincidence (AI'JDi-NOR). The inte- 
grating capacitor is replaced by AND gate A-1 and binary 
A counter BC-1 and BC-2, j^Two counters are used to increase the 
sensitivity of the comparator (zero level detection)^? The clock 
pulses are so chosen that 64 pulses are passed in 5 msec, 
duration at threshold, to give +90° operating criteria. This 
gives the normal operating clock frequency •f^ as 12,8 KHz, 

The variable angular criteria can be obtained by change of 
clock frequency. Hence, 

' h _ 90 

T; - 180 -^ 3 ^ - 180 -P 3 _ 


(3.3) 
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where, 

I- 

^0 * Angular criteria. 

= Normal operating frequency to give + 90^ criteria. 

= Desired frequency to give variable operating 
criteria. 

= Operating criteria 
^ =s Coincidence angle. 

The above relation (eap., (3,3)) can be used to find out 
new clock frequency so as to give different operating criteria 
p, • Hence, the relay can generate restricted directional, 

i. :i 

1 restricted ohm, and a e lliptical characteristic s by using 
2-input comparator only. The same comparator can be used aS 
* sine-comparator* by inverting any one input (preferably S^) 
and taking Q output of flip-flop F-l. The operation of the 
relay as ‘cosine comparator* is explained by the Fig, 3,3, 

3.3 APPLICATIONS OF COMPARATORt 

The comparator can generate many important characteri- 
stics by giving suitable signals through measuring circuit. 
Transactors are used to simulate the line impedance. The 
following arrangement (Fig, 3.4) is used to obtain different 
signals required to produce the desired threshold character- 
istics, 

3.3,1 Restricted Directional Relay: 

The inputs to the relay to obtain directional 
characteristics are: 
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This gives a straight line ADB, passing through the origin 0 
as relay characteristic (Fig, 3,5) with normal clock frequency 
and operating criteria of +90'^. 

Restricted directional characteristic can be obtained 
by the same signals, simply, by the change of the clock 
frequency from f^ to f^ and in such a way that, 



-F O 

^1 ” 



f^ 


and 

^2 ~ 2-^2/*) 

(3.4) 

or 

= 90(2-fyfj^) 


and 

^2 = 

(3.5) 


Hence, any operating criteria and threshold characteristics 
can be obtained by the change of clock frequency. The limits 
of change of clock frequency is from f^ to which is 

easily obtained by frequency dividers or variable potentiometer. 
The restricted directional characteristics are shown by 
Fig. 3.5 (shaded lines A*OB‘ and 

If the inputs to relay are and S^f then the relay 
functions as ’ sine comparator’ with the same operating 
principle. 



17 



Fi9.3.5 RESTRICTED DiRECTiONAL RELAY 
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3,3,2 Restricted Ohms Relay: 

The inputs to the relay, to obtain variety of chara- 
cteristics, such as ohms; i,e, angle impedance, reactance and 
restricted ohms are simply, 

Si = - V 

and $2 = (3,6) 

It is very interesting to note, that, characteristic 
APB is obtained if angular operating criteria is + 90°, 

If the operating criteria is and then the characteristics 
and A’PB* results. If the signal IZ^^ has a phase 
angle of 90 with the horizontal axis i.e, angle of the 
replica impedance is 90° then, the resulting characteristic 
will be reactance one. Any type of characteristics can be 
produced by varying clock frequency in such a way that: 

= 90(2-fyf3^), 

p2 = 90(2-fQ/f2) 

and Pi < ^2 ^0 ^ 

The resulting characteristics are referred to as restricted 
OHM-characteristics, For sine conparator, the inputs to 
relay are: 

= V - IZj^ 
and S 2 = IZj^ 


(3.8) 
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The above theory holds good for this case also. The chara- 
cteristics are shown in Fig. 3,6, 

3,3,3 Mho Relay {Angle Admittance Relay); 

The classical miio i.e, angle admittance characteristic 
can be produced by 2- input conparator with +90° operating 
criterion, the signals being; 

= IZj^ - V 

= V (3.9) 

The same characteristic can be produced by a sine 
comparator with signals; 

S, = V - 

= V (3.10) 

and . 90° <, P < 270° being the operating criterion. 

It can be seen that as a sine comparator it is necessary 
to reverse one signal to produce the desired mho characteristic. 

This could be avoided in a novel way if, the signals are 

* 

modified to: 

= V - IX 

= V IR (3.11) 

and 90° ^ p <, 270° being the operating criteria. 

The relay characteristic is shown by Fig, 3,7 which 
passes through the origin. It is clear that if the signal 
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$2 l®ads Sj^ by more than 90^, relay operates upto a limit of 
270 • Thus, the relay with these modified signals is a true 
sine comparator in which one signal is advanced by 90*^. 

3,3,4 Off-set Restricted (i,e. Elliptical) Mho’s Relays: 

It is the starting element fox a 3-step distance relay 
and avoids maloperation due to power-swing. The inputs to 
relay are: 

= i^a “ V 

S2 = 

k < 1 (3.12) 

This Can give variety of characteristics, simply, by 
Varying the operating criteria. If the operating criteria 
pQ (±, the resulting characteristic is offset mho aS 

shown by curve (1) of Fig, 3*8, 

The offset elliptical characteristic can be obtained 
by varying clock frequency from f^ to f^ and f^ to produce 
curve no. (2) and (3) of Fig, 3,8, with operating criteria as 
and The relation: 

p3_ = 90(2-fyf^) 

p^ = 90(2-fyf2') (3.13) 

and ^2 ^ ^o “ also valid for this case. 

For 'sine comparator' the inputs to the relay are: 
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Si » V-IZj^ 

$2 = V+klZj^ (3.14) 

k < 1 and above theory holds good fox this case also. 

3.3,5 Quadrilateral Relay using Two Comparators; 

Fig, 3, 9(a) shov;s the basic scheme for obtaining qua- 
drilateral characteristic, TWo comparators A and B are AND 
compounded to obtain the desired characteristic ADBP as shown 
by Fig, 3, 9(b), The inputs to comparator A are: 

Si = IZj^ - V 

(3.15) 

which gives restricted ohms characteristic ,APB with Pi 

(pi < 90^) aS operating criteria. The input to comparator B 

are; 

^3 “ 

S 4 = V (3.16) 

which gives restricted directional characteristic ADB with 
operating criteria of (P 2 ^ 90°). The outputs of these 
comparators are, then, AND compounded to give final chara- 
cteristic ADBP, By choosing appropriate value of , Pl 

and better -threshold characteristic with any shape can 
be obtained. 


The inputs required for ’sine comparator’ are: 




FIO.3.9. 
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S, = V - IZj, 

S2 = IZj^ 

S^- = -V (3.17) 

which will give saine characteristics aS discussed above. It 
Can be seen that IZj^ is common to both the comparators and 
thus, infact only 3- inputs are needed to produce the quadri- 
lateral characteristics, 

3,3.6 Offset Quadrilateral Relay using IWo Comparators: 

Offset quadrilateral characteristic is required for 
starting element of 3-zone distance relay which can be easily 
obtained by modifying one of the input of conparator B hence, 
the input to comparator A are: 

Si = IZJ 13 -V 

Sj = IZr3 (3.18)^ 

Which gives restricted ohms characteristic APB with as 
operating criteria. The range of this characteristic can be 
changed by varying the value of so that it lies in 3rd-zone 
of the relay. The inputs to comparator B are; 

^3 “ ^^R3 

S4 = lcIZ|^3 + V, i.e. IZJ^ + V, 

which gives restricted directional characteristic with p2 
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aS operating criteria. The output of these comparators are 
then, ATiD compounded to give the final characteristic ANBP 
as shown by Fig, 3, 9(c). Any desired characteristic can be 
obtained by changing and ^ 2 * ■ 

The * s ine-comparator* to produce the same chara- 
cteristic with the Same theory of operation will have the 
inputs as; ■ 



^^R3 


S4 = -(kIZj^3+V) = -(IZJ^+V) 


where ZJ^ - k < 1. 


(3.19) 


It can be seen that IZj^^ is common to both the compa- 
rators and hence, in fact, only 3-inputs are needed to 
produce quadrilateral characteristic as with cosine-compa- 
rator. 


3,3,7 Quadrilateral Characteristics with Multi-input 
Comparator; 

A 2-input comparator, using Ex/OR gate, can be modi- 
fied to take any number of inputs, simply, by using multi- 
input Ex/oR gate. Four-input comparator is optimum, which 
Can give any type of quadrilateral characteristic. As 
multi- input Ex/OR gate is not available, it is substituted 


with ANDtNOR logic and rest of the circuit remains unaltered. 





COMPAftATOR 


TRIP 


5.:!0(q) multi- input relay 





5- 10(b) NORMAL CHARACTERiS 


LlOfc) MODIFIED CHARACTERISTICS 3- 10 (d) SPECIAL CHARACTERISTICS 


Clrt ^ 
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The inputs which are-4iot used are, simply, tied up with 
available signals and the function of the comparator remains 
the Same, The basic arrangement for the multi-input compa- 
rator is shown in Fig, 3, 10(a). 

The input signals needed for quadrilateral character- 
istic are; 

^1 ~ ^^Rl *“ ^ 

$2 = IR^-oc, (used only as a directional element) 

53 = V 

54 = IZ^ (3.20) 

^R2 replica of line impedance, is used only as a 

directional element. 

If a = 90 - and operating criteria is +90°, then 
the resulting characteristic is a® shown in Fig. 3, 10(b), 

This characteristic can be made more compatible if 
the input signals to relay are; 

= IZri - V 
Sj = IR /P 

53 =V 

54 = 1Z^2 

.Here, -Uie angle a is set equal to zero by a ’pot* only and the 
operating criteria This change yields the characteri- 

stic as shown by Fig. 3,10(c). 
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The resultant character is tic can be further modified, 
if the inputs to comparator are; 

$2 = IR Za 

53 = V 

5 4 = IZj ^2 (3.22) 


..The operating criteria so that a = and 

the resulting characteristic is as shovm by Fig, 3.10(d), 

This characteristic may be useful for Bus-bar protection, where 
arc resistance is generally absent. It can be seen that 
by proper choice of and and operating criteria p> any 

threshold characteristic can be obtained. 


3.3,8 Modified Mho Relay; 


The classical mho characteristic can be modified and 
iiie effect of power-swing can be completely elliminated by 
using blinders and adopting suitable operating criteria Pj^-. 
Thus the inputs to the relay are: 


Si = 

$2 = IR 

,83 = V, and < 90° (3,23) 

The replica impedance Zj^j^ can be changed to after 
the zone -2 time delay, and the operating criteria is kept 
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equal to 0^^ for snapping the characteristics as shovm by Fig. 

3, 11(b). It is very interesting to note that,, the resulting 
characteristics resembles very much like quadrilateral chara— 
c ter is tics, 

A Separate comparator should be used for 3rd zone prote- 
ction in a normal way, but having operating criteria as ^2 
which should be less than If the inputs to this comparator 

are : 

S4 -IZR3-V 

and ^2 < (3.24) 

then the resulting characteristic is as shown by Fig, 3,li(c). 
It Can be seen that the shape of the characteristic 3 is 
elliptical which is very narrow and hence immune to tripling 
due to power-swing. This, infact, could be an ideal starting 
characteristic for carrier frequency to clear end zone faults 
quickly by simultaneous tripping. 

The block diagram of Modified Mho Relay is shown in 
Fig. 3.11(a). 

3.4* RELAY TESTING AND PERFORMANCE: 

The digital relay was tested statically due to non- 
availability of ’ Dynamic Test Bench* , The different character- 
istics were plotted as shown by the respective figures. They 
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were found to be very close to the theoretical characteristics 
and hence,, smooth curves are dravm passing through the test 
points. The directional property of quadrilateral and modified 
Bt^o relay was found by reversing the signal IZj^, which made the 
relay inoperative in reverse direction. The relay remains 
operative down to very low input voltage; but does not operate 
when the voltage becomes zero for 2— input comparator, Hov^ever, 
for multi-input comparator, the relay remains operative even if 
the voltage becomes zero. This may bo an advantage as the 
fault may be severe one or close-up, 

3.5 CONCLUSION: 

This chapter describes in detail the theory, principle 
of operation and applications of the Improved Digital Phase 
Comparator which could be used for variety of applications, 
especially, for the protection of EHV/UHV transmission lines. 

The Digital Phase Comparator is immune to, both, the d,c. offset 
in fault current and also to the povver-sv/ing. It can also be 
used as ’sine-comparator’ especially in 2- input mode, giving 
identical characteristics as obtained by ' cosine-comparator’ . 

The resulting relay is fast in operation and at the same tinK, 
no time-coordination problem arises as the maximum operating time 
is of the order of I'S msec, at the threshold condition. The 
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relay construction is simple, using CMOS IC* s and logic gates, 
which makes relay economical and reliable. The same relay 
Can produce any desired characteristic, simply by change of 
input signals and operating criteria. This relay could be 
used as polyphase relay with slight modification , giving 
economy and also ease in relay coordination. 
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Table 3.1; For Fig. 3,5 Observation for Restricted 
Directional Relay 

0 = 30° , IZ = 8V, V = 8V 


S.No, 

{ degree) 

Operating 
Critaria 
( degree) 

Rema rk 

1 

-90 


NO TRIP 

2 

<.-90 


TRIP 

3 

+90 

P < + 90 

NO TRIP 

4 

<4-90 


TRIP 

1 

-60 


NO TRIP 

2 

<-60 


TRIP 

3 

+60 . 

< + 60 

NO TRIP 

4 

<+60 


TRIP 

1 

-30 


NO TRIP 

2 

<-30 


TRIP 

3 

+30 

P2 1 i ^ 

NO TRIP 

4 

<+30 


TRIP 


94 


Table 3.2: For Fig, 3,6 Observation fox Restricted 
Ohms Relay 

© = 45°, IZj^ = 8V 


A- 

£j;r 

(degrees) 

IVj FOR TRIP 

Po it 

( volts) 


. . 1 
jV] FOR TRIP 

Pi i + 45° 
(volts) 

10 

mm 

^ 1 

7.3 

5.8 

20 

9.0 

1,2 

• 

6,0 

30 

8,4 

7.4 

6,6 

40 

8,2 

7.7 

7.5 

50 

8.1 

7.6 

7.4 

60 

8.3 

7.3 

6.5 

70 

8.9 

7.1 

6.0 

80 

1 

7.0 

1 5.7 

1 J 







Table 3,3 For Fig, 3,7 


Observation for Ml 
6 = 60°, IZj^ = 8’ 


S.No. 

A- 

( degree) 

CRITICAL }V| 
FOR TRIP 
(Volts) 

1 

-10 

2.5 

2 

10 

5.2 

3 

30 

7.0 

4 

50 

7.8 

5 

70 i 

7,9 

6 

90 

6.9 

7 

110 

5.0 

8 

130 

2.8 


140 


1.2 
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Table 3.4 For Fig, 3.8 
Observation for Offset Elliptical Relay 


© 60°, IZp = 8V, kIZ 


R 


2V 


S#NO m 

/■h 1 

(degrees) 

CRITICAL {Vj 
FOR TRIP 

t 90° 

(volts) 

: 

CRITICAL Ivl 
FOR TRIP 

P< 

(volts) 

CRITICAL jvj 
FOR TRIP 

P< + 45° 

(volts) 

1 

-50 

3,0 

1.8 

■' 

1.2 

2 

-10 

5.0 

2,9 

1.7 

3 

10 

6.5 

4.2 

2.5 

4 

30 

7.5 

5.7 

4,1 

5 

50 

8.0 

7.4 

6,7 

6 

70 

S *0 j 

7.3 

6.6 

7 

90 

7.5 

5.6 

4.1 

8 

110 

6.4 

4.0 

2.4 

9 

130 

5.2 

2.8 

1.7 

10 

150 

4.0 

2.2 

1.3 

11 

170 

3.0 

1.8 

1,2 
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Table 3,5 for Fig, 3, 9(b): Observation for 
Quadrilateral Relay 
0 = 40°, IZj^ = 7V, §2 ^ t 



( degrees) 

CRITICAL Ivl FOR 
TRIP (volts) 

OPERATING 

CRITARIA 

1 

' 

-10 

4,4 


2 

10 

4.8 


3 

30 

1 5.9 

1 

4 

40 

6.8 

fi < + '0° 

5 

50 

5.8 

! 

6 

70 

4.7 


7 

1 

90 

4.5 

« 1 



Table 3,6 for Fig, 3, 9(c): Observation for 
quadrilateral Relay 
0 = 50, IZr 3 = 12V, kIZj^3 = 2V, 
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Table 3,7 for Fig, 3,10: Observation for Multi-Input 

Relay 

= 85°, © = 60°, IZjy^=9V, IZp^2 = IR = 8V 


m 

(degrees) 

CRITICAL VALUE OF ’ 

V* FOR TRIP ' 

■ 

(volts) 

- ■ ’■ 1 - [ 

pi<ii 

(volts) 

Pl< 0L-a» Z,IR=a 

(volts) 

1 

10 

3.8 

4.1 

, ,,, , r T X 

4.1 

2 

30 

4.5 

4.8 

4.8 

3 

50 

6.6 

7.0 

7.1 

4 

60 

8.8 

8.7 1 

8.8 

5 

70 

1 

8.3 ! 

8.1 

7.8 

6 

1 _ 

80 

8.0 

7.7 

7.2 


Table 3,8 for Fig. 3.11: Observation for Modified Mho Relay 
©j^==56°, ©^64°, IZj^=5.5V, IZj^=7.5V, 

IZj^3 = lOV 


/ V 

( W 

(degrees) 

CRITICAL 

VALUE OF ’V’ FOR 

TRIP FOR 

IZj^,Pl< 84° 

IZfi2.Pi< 84® 

IZ^3,P2<«0° 

-50 

- 

iW* 

• 

1,5 

-10 . 

• 


2.5 

0 

2.3 

2.7 

3.2 

20 

2.7 

3,1 

5.0 

40 

3.5 

4.0 

7.3 

50 

4.4 

5.2 

8.5 

60 

5.2 

7.2 

9.5 

70 

5.0 

7,1 ' 

9.4 

80 

4.5 

6.5 

8,3 

90 


1 

7.1 

110 

- 


4.8 

130 

— 


3.0 

170 

- • 

- 

1,6 


4.8 

3.0 

1,6 








CHAPTER 4 

A POLYPHASE 3-ZDNE DISTANCE BELAY USING DIGITAL 

CIRCUITS 

4.1 INTRODUCTION: 

The polyphase distance relays are generally used for the 
protection of EHV/UHV transmission lines, and they are of three 
types. The first type respond to all kinds of ground faults 
[l9,4o,67], the second respond to all kinds of phase faults [17], 
and the third, respond to all types of’ shunt faults [54,68,70]* 

A measuring unit is used in all tne above schemes which provide 
a compensated line to ground fault point voltages to the compa- 
'xators. The earliest ground distance relaying s ch erne derived 
by Rao [l9], works on the principle of amplitude compariscxi of 
fault point sequence voltages. It suffers from the defect of 

having- separate rea'ch for single line to ground fault and 

'V. } ' ■ 

double line, to ground fault. This defect was overcome by 
switching arrangement in the measuring: circuit, vdiich make it 
rather complicated* A much simpler version was put forward 
by Rockfeller [40] • It gave excellent performance for all 
single line to ground faults but it was not suitable for double 
line to ground faults. These drawbacks were overcome by 
Chaudhury [67] et.al. by developing a ground distance relay which 
works on the principle of phase coincidence of selected input 
quantities. This is perhaps the most simple and reliable relay 
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fox all kinds of faults except for 3— phase to ground fault, 
Sonneinan [17] devised a phase-relay which is a polarised 
mho relay and works on the principle of phase comparison 
between selected input signals using 180^ sine comparators, A 
polypiiase relay, clearing all ten types of line faults was 
devised by Bhattacharya [68] et, al. It works on the principle 
of 2- input phase comparison using 180° sine comparators, A 
quadrupulation of 2— input comparators v/ith their trip output 
OR gated gives the final relaying scheme, it has one drawback, 
viz,, 90° cos comparators are converted to 180° sine compara- 
tors by phase-shifting transformers and hence, can cause delay 
in tripping, specially, if the fault takes place near the 
balance point, Gupta [54] and Paithankar [7o], B asu [81] and 
Patra [821 devised a true polyphase relay based upon the phase 
^ sequence detection of 3 to 4 compensated line to ground 
^ voltages. The main drawbacks in these schemes are, very 
m arginal toleranc e to arc resistance and malfunction due to 
s pur io u s-. signal s . 

The protection schemes for EHV/UHV transmission lines 
are quite complex. The modem trend is to use static relays 
with operating time of less than one cycle (20 msec,). The 
stability and dynamic control of interconnected power systems, 
to a very great extend, depends upon the speed of fault 
clearing. As a matter of fact, the high speed clearing of fault 
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increases the transient stability. Hence, for the protection 
of suc'h EHV/UHV transmission lines, an efficient, reliable, 
fast operating and compact relaying scheme is needed* 

This chapter deals with a new relaying scheme using 
‘CMOS* logics and digital IC*s, v/hich does not use a separate 
starting and electroiaschanical unit for zone changing. The 
proposed polyphase distance relay is based upon ttie techniques 
used in Versatile Phase Comparator [93], The proposed relay 
uses three transient free 90° cos comparators with constant 
operating time of 15 msec, for a fault at any distance upto 
the balance point. Suitable inputs are provided to these 
comparators, via measuring circuit, in such a "Way that, the 
polyphase relay respond to all types of shunt faults, 

4,2 PROPOSED RELAYIMG SCHEME-I (CLASSICAL CHARACTERISTIC) BY 
USE OF 2-INPUT GOi^ARATORS: 

The Fig, 4,1 shows the block diagram of polyphase 
distance relaying scheme. Here, the output of phase module 
(a), (B) and (C) are OR gated to give a final trip signal. 

The phase module (A), (B) and (C) are in fact, single phase 

4 * 

relays, the principle of operation of v;hich is based upon 
2- input digital phase comparators. The present relaying 
scheme can give classical mho characteristic in zone-l and 
2one-2, and an elliptical characteristic in zone-3 by the use 
of 2- inputs only. It can also give modified (restricted) mho 
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Fi5 4.| POLYPHASE 3-ZONE DISTANCE RELAY 
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characteristic with blinders or a quadrilateral characteristic, 
by the use of 3- inputs only, for all the 3-zones. The later 
characteristics are possible by the use of multi- input digital 
phase comparator. Thus, the relaying scheme is flexible one 
and can be used in any situation to provide any desired 
characteristic. As each phase module is the heart of the relay, 
it will be desirable to describe the working of it in detail. 

4,2.1 An Improved Phase Module (Comparator): 

Fig. 4,2 gives the block schematic diagram of each phasa 
module. It can be seen that, the conparator-1 handles zone-1 
and zone-2 whereas coraparator-2 handles zone-3 only. Both 
these comparators are independent and hence, they give trip 
signal at the output of digital Integra ter , every half cycl^ 
if the fault lies in zone-3 and zone-2. The lower comparator 
passes this trip signal to OR gate after a time-delay t^ 

(> ^DO msec) and the upper comparator passes this trip signal 
after a time-delay '^2 msec). Now, if the fault happens 

to be in zone-l also, the reach of the upper comparator 
changes from zone-2 to zone-1 and the time delay t^ vanishes 
via * zone detector and timer control*. Now, the trip signal 
is available at OR gate after a time-delay of t^ (>10 msec) via 
'pulse stretcher with transient block control*. Hence, the 
1st trip signal to circuit breaker is given within 15 sec. and 
then after every 10 msec. If, by chance, the restraining 



F53.'4.2 BLOCK DIAGRAM OF 3-ZONE DISTANCE RELAY ( PHASE MODULE ) 
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voltage (V) vanishes, then OR gate issues an instantaneous 
trip signal (< 5 msec.) which is desirable as the fault may 
be a severe or close-up one. The comparators used are of 
2— input, block average 90*^ coincidence digital phase compa- 
rator which have a constant operating time of 15 msec, for 
fault at any distance upto the balance point, 

4,2.2 Operation of 3-Zone Phase Module; 


Fig, 4,3 gives the simplified circuit diagram of 1-phase 
relay using digital components. In general i the signals to 
upper comparator to give mho characteristic are; 

Sj^ = For zone-1 operation 

S4 = V (4,1) 


and, 

S2 - zone-2 operation 

S4 =» V (4,2) 


Cosine comparators are used, as the operating criteria is 
-90° < p < 90°, Flip-flops (B-1 and B-2) act as zone synchro- 
nizer with clock frequency (f^) to give +90° of operation. The 
digital integration is done by Binary Counter (BC-1 and BC-2) 
over a period of 5 msec (^ cycle), thus the frequency (f^) is 
taken to equal to be 12,8 KHz, If the fault lies in zone-2, 
the output of B-2 is connected to digital integrator (BC-1 
and BC-2) which gives a pulse after 5 msec and operates a 




Fi3*4*3 i schematic OF 3-ZONE DISTANCE RELAY 
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monostable (M-3) through flip-flop (B-6), Thus, the T5 output 
of M-3 goes to logic (O) and resets B-5 hence, B-5 does not 
Pass the pulse as it comes after time delay The M-3 

resets after the zone-2 time delay (t^) and thus, B-5 passes 
one pulse for every two input pulses. The output of M-1 and 
M-2. has a time lag of 10 msec and duration of 15 msec. Thus, 
the output of A-5 is a regular pulse of 5 msec, duration at an 
interval of 10 msec. These pulses operate a latch B-12 which 
gives the indication of zone-2 operation and a trip signal 
through OR gate (01 and 02), 

If the fa ult happens to t ake place in zone-l also, ;^l 
sends a pulse along with BC-2 and sets M-3 to logic (l) once 
again hence, zone-2 time delay i® eiliminated, enabling 

B-12 to issue trip signal with zone-1 time delay (15 msec), 
and trip indication by B-11 through B-3, The signal to lower 
comparator fox 3rd-zone operation are; 

^3 ^^R3 *“ ^ 

% * ^^^R3 ^ 

with clock frequency (f^) which gives offset mho circular cha- 
racteristic normally required for starting elements. If the 
fault lies in zone-3, the upper comparator remains inoperative, 
but the lower comparator gives a trip pulse after a time 
delay of t^ sec, due to B-7 and M-4, The BC-4 gives a trip 
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pulse every half cycles which is resetted when the ‘deal' of 
it goes to logic (l). The rest of the operation is similar to 
the upper comparator. The trip output of lower comparator 
through B-10 is OR gated with upper comparator to issue a final 
trip output via OR gate (01 and 02), The shape of the chara- 
cteristic of zone-3 can be changed by using variable angular 
critarian, by the change of clock frequency (f^^) where, 

^1 ~ 2-p^/90 ( 4 * 4 ) 

f^ = Frequency required to give + 90® angular critarian 
‘ ’ variable ” • • 

= Angular critarian (< 90®) 

If the operating critarian is + 60°, then, the required clock 
frequency 

3f 

fl = > ^0 (^*5) 

The characteristic produced by lower comparator with new 
clock frequency is elliptical and hence tripping due to power - 
swing is avoided. Fig. 4, 4(a) and 4, 4(b) explains the operation 
of 3- zone phase-module. 

The basic 2- input comparator, as described above, can be 
converted to multi- input comparator by connecting their inputs 
via 4-input AND and NOR gates. Hence, any desired pick-up 
characteristics can be produced by proper choice of input signals. 
The detailed circuit diagram of each phase module, with 
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multi- input operation and flexibility of using any zone at any 
time to provide any desired characteristic, is given by Fig. 

4, 5(b), It can be seen that Fig. 4,3 and Fig, 4.5(b) have 
different logic gates and IC’s but they have same logic 
functions. This change of components was inevitable as CMOS 
Monostable IC‘s, AMD gates and OR gates were not available to 
make the identical phase modules. Many function switches 
are used to make the relay versatile and flexible with all 
the benefits in one unit only. Fig, 4, 5(a) gives the circuit 
diagram of signal processing unit for feeding to each phase - 
module , 

4,2.3 Fabrication of a Versatile Phase Module: 

The 3-zone phase module can be used in a variety of 

c 

Ways such aS operation in zone-2 onlyi zone-2 as zo ne-1, zone 

5 

1 and 2, zone-3 qnly__etc, ; a detailed study of circuit diagram 
(Fig, 4.5(b)) shows that logic state of clear (Cl) terminals 
of B-4, B-5 and B-8 are not in our control hence, they are 
not considered. Similarly the logic state of Preset (Pr) 
terminals of B-1, B-2 and B-9 are of importance, hence, 

they are considered. Input signals to each zone are important 
from the point of view of zone operatiai. Terminals Ti and T^ 
should also have proper logic state/signals for lead/lag 
compensation. Hence, a table can be made for different zone 
of operation by assigning suitable logic states to terminal 



Table 4.1; Different Zone Operation for 2- Input Conparator 



Logic one or presence of signal 
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Cl and Pr and proper signals to zones and terminals and T 2 » 
Thus, a table is made with 9 different modes of operation of 
the phase module which could be useful for checking the proper 
operation of each zone with set time delay. 

It can be seen from the Table 4.1 that, ’Cl* of flip/ 
flops 1, 2,3,9,10,11 and 12 can be connected together through 
one switch whereas, ‘Cl’ of flip/flop 6 and 7 are independently 
controlled. Similarly, the *pr’ of flip/flops 1,2 and 9 are 
independently controlled andtheir logic state depends upon 
operation of different zones. Thus, each phase module can be 
used in 9 differeht ways. The selection of operation of zone 
depends upon the available measuring signals. Fig. 4,6 gives 
the front panel lay out of the polyphase 3-zone distance 
relay with built-in power supply and signal processing unit, 

4.3 MEASURING CIRCUIT OF POL VP HASH RELAY: 

The schematic diagram given in Fig, 4.7 is a measuring 
circuit which provides the necessary signals to each phase 
module. Compensated fault point voltages and are 

provided to each phase module A,B and C along with line to 
ground voltages V^, Vj^ and V^, Zero-sequence current compen- 
sation is provided to each compensated voltages so that same 
measuring circuit gives the correct measurement of impedance 
for all types, of line faults. The compensated fault point 
voltages can be derived as follows* 




.4-6 FRONT PANEL LAYOUT OF 3- ZONE POLYPHASE 

distance .relay 
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BUS 

Fi9.4.7 MEASURING CIRCUIT OF POLYPHASE RELAY 
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The line to neutral fault point voltage of phase 'a* 
during any type of short circuit, assuming no fault resis- 
tance is, 

''fa = ''a - ^a^ 

Now converting. I into its sequence components and also 
changing likewise, we get, 

^fa ^a'^al^l’^aa^a'^aO^O . 

= (4.7) 

where: k = n-1 and n = 


AS = I^^+I^2+^a0 ^1“^L2' three compoisated 

voltages are: 


''x = V(^a+‘'^aO>^R = ''xl+''x2+''x0 

\ = V( V^ao’^R = “\l+“''x2+''x0 
V, = V^-(I^+kI^)Z^ = aV^^+«\2+''xO 

Where, “ Replica impedance 

and, 

^xl ^al“^al^R'^x2'^^a2'"^a2^R ^xo'^^aO“^aO^R ■ 


(4.11) 


4,3.1 Signals for Classical Characteristics 


The signal provided to phase-A module are and -V^^, 

to phase-B module are and — Vy, and to phase— C module are 

and -V . Ihe auxiliary P.T,' is used to provide 3-zone 
c z 
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operation of each phase with a certain percentage of 1st zone 
impedance A phase-splitter (R and C) across IZj^ provide 

directional signals IR and IX, As the signals to each comparator 
are V and each phase module characteristics will be mho 

type. The final characteristic of the relay will be a combina- 
tion of these characteristics, depending upon the type of 
faults and it can be predicted mathematically. The pick-up 
characteristics of scheme-I is shown by Fig, 4,9, 

4,3.2 Fabrication of Measuring Unit: 

The front panel layout of the measuring unit is shown 
by Fig. 4,8. The Measuring Unit consists of three identical 
sets of Transactors and Auxiliary Potential Transformer 
(Aux, P.T. ). The main primary of each transactor is designed 
to carry a phase current of 5A and an additional winding 
provides the compensation due to zero sequence current. The 
secondary is a potential winding having multi- tappings so that 
a different voltages, proportional to current, is produced 
at each position of the selector switch. Thus, the replica 
reactance can vary from 5 ohm to 30 ohm.A wire-wound pot is 
connected across this secondary so as to vary the phase angle 
(0) of the replica impedance. The variation of w.w. pot also 
changes the magnitude of the induced voltage or replica 
impedance, hence, it is necessary to measure the magnitude for 
different values of replica impedance angle. A w.w. pot and 
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a Capacitor is connected across the primary of Aux, P.T. so 
as to provide a signal (S^«&^ ) whose angle can be chapged w.r.t, 
IR axis. The secondary of Aux. P.T. provides the required 
signals ( S-, to S^) to each phase module in a ratter novel way. 
The zone-2 impedance is set at 150;^ and zone-3 impedance is 
set at 200;^ of zone-1 impedance". The voltage signal (S^) is 
provided by main P.T' s and phase currents by 3 sets of identical 
C.T's which are externally connected tb Measuring Unit. The 
measuring unit is housed in a standard bin of size l80x22Q. 

4.4 POLYPHASE RELAY BY USE OF MULTI-INPUT C0MP/\RAT0RS: 

The 2-input comparator as described earlier, can be 
converted to multi- input conparator by slight change, using 
and/nor gates siS shown by Fig, 4.10(a). It can be seen that 
each elements of the comparator can handle 4- inputs and 

hence, any desired pick-up characteristic can be obtained. 

The signals provided to each comparators are from the same 
measuring circuit as described earlier. 

4.4.1 Proposed Scheme— II (Modified Mho Characteristics): 

The classical charactei^istic used for protection of 
EHV transmission -lines has one serious drawback that, the 
area enclosed by the pick-up characteristic is very large. 

Thus, there are chances that, the relay on the, heavily 
loaded transmission lines may give false tripping due to 
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sudden overloads and power swing. Hence, if blinders can be 
used as shown by Fig, 4,10(b) the modified irfio characteristic 
could be obtained which is ideal for the protection of heavily 
loaded EHV lines. It can be seen that, the modified (mho) 
characteristic is more or less quadrilateral which is compa- 
tible with any type of line fault with arcing resistance. 

This type of characteristic could be obtained by the use of 
3-signals only as shown below and using multi- input comparator. 


Let S;j_ = IZ|y_-V 
S4 = V 


and = IR 


(4.12) 

A 2-input comparator of each phase module can be 
converted to multi— input conparator by the use of AND and NOR 
gates aS shown by Fig, 4, 10(a). These composite characteristics 
Can be realised by the technique given by Humpage and 
Sabberwal [3l], 

Modified mho characteristic can be realised for poly- 
phase 3-zone relay by the use of multi-input comparator and 
only 3-signals are needed for each zone of each phase module 

as shown: 


S = 


V 


= IR /“90Ht:^ 


For zc^e— 1 characteristic 

(4.13) 
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^2 = 

= V. 


s. = 


k^( I^+kl^^) l^lz9Q±Sh^ 

= IR /.-90+Cf 


For 2one-2 characteristics 


(4,14) 


=3 = tIa*«ao^2R3-Va 

®6 = ''l^^a+^ao^^Rl /r , ?0<^-e For 2one-3 characteristics 

= /-■90-KZi (4.15) 

The resultant characteristic of phase-A module is shown by 
Fig. 4, 10(c), where the operating criterian is 

-90° < p < 90° 


4.4.2 Proposed Scheme-Ill (Quadrilateral Characteristic): 

A relay with . quadrilateral characteristic is ideal for : 
the protection of heavily loaded EHV transmission lines as the 
area covered by it is minimum and it is compatible with any 
type of line fault having arcing resistance, 4-signals are 
required for each zone to produce a quadrilateral characteri- 
stic for 3-zone operation. The signals required for each phase 


module are: 
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S. = V. 


= 


^ = 


‘'l‘^a+'‘^ao)2R1^2S±2ba 

^ » 

s ^/9Q , — ^ u3KtY4- ’'i a '■ 


For zone-1 characteristic 


( 4,16) 


52 = (Ia+“ao>ZR2-''a 
S4 = \ 

Sg = kj^(i3+icl^^)Z^/i:22ai:e 
S, = Sg ^[92 

53 “ *^a*'‘^ao^^R3"''a 


For zone-2 characteristic 


(4.17) 


Si - k,(I +kl )Z^. U90+d-9 For zone-3 characteristic 
o l a ao ru.’" 

S 7 = (4.18) 

The resultant characteristic of phase-A nwdule is given 
by Fig. 4, 10(d), where the operating critarian is 

-90° < P < 90° 


It Can be seen from the above equations that, 4th 
signal is a function of 3rd signal hence, in fact, only 3 
different signals are required from the measuring circuit. 


4,5 TESTING: 

The signal provided to each phase modules are rather 
■musu .1 and thus, a novel way is used to generate these signals 
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through Measuring Unit, A single— phase dynamic test bench has 
been designed and fabricated to test the hard-ware implementation 
of all the Digital Phase Distance Relay/Comparator, The 
Dynamic Test Bench has an overallaccuracy of higher than 
The following tests were performed on the polyphase relay for 
all single lin^ to ground faults, A vf.i. z'v ‘ 

a) Open circuit line energised and de-energised from the 
bus-bar, the relay was found to be completely stable, 

b) The accuracy under steady-state condition 

and t^nsient condition w.r.t. ’Range’ 

plotted against the 'Range* as shown by Fig, 4,ll(a). 

It Can be seen that, at a range of 5 the under-reach is 

< 5 ><. 

c) The dynamic characteristic of the relay was plotted for 
different phase angles of line impedance, A transient 
over- reach of less than near the balance point is 
observed. 

d) The accuracy under transient state w.r.t, switching 
angle of fault current was plotted as shown by Fig,4, 11(b) 
The transient over-rcaCh o f 10>^ is observed, ^ 

e) The relay operating time was plotted against the 
switching angle of fault current and is found to vary 


between 15 to 18 msec. 
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f) Relay was tested for reverse fault by passing steady- 
state and transient current through the transactor in 
reverse direction to the normal flow of current, the 
relay was found to be completely stable ♦ 

4,6 mathematical /J^ALYSIS FOR CLASSICAL CHARACTERISTIC: 

The signals to phase module (A) for 1st and 2nd zone 
operation are 


% = -V, = 
^2 = 


and Sa=V 

H 3 


Hence, 




=4" 




- 1 


Z -Z 

where Z 


(4.19) 


(4,20) 




If, 


"^x Q . ^rr^ 

= p 2— 

a 

and critarion for tripping is -9o'^^^90°, 


(4.21) 


then the characteristic will be mho, passing through origin, 
will Satisfy above condition. The characteristic for L— G 
faults of different phases will be similar. 
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The signals to phase module (a) for 3rd zone operation 


(I +kl )Z 
a ao' r3 a 


Hence, 


k(l +kl ^)Z 

a ao^ r3 a 


(I +kl 

■ — — aP^ r3 a 


(4.22) 


(4.23) 


^t3~^L V 

„he.e Z, = 




(4.24) 


and critaxion for tripping is -’60°;^j_<60°, then the characteri- 
stic will be of fset»^elliptical enclosing the origin and hence^ 
it will be also immune to power-swing. The final characteristic 


of' each phase module is shown by Fig, 4,9(^, 


4.7 CONCLUSION; 


The proposed polyphase 3-zone distance relay has 3-iden- 
tical phase modules using digital and linear IC's and is compact 
v;ith minimum of hardware. This relaying scheme has been 
designed, fabricated and tested on the Dynamic Test Bench which 
is also designed and fabricated by us. This relaying scheme 
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is flexible enough to produce any desired characteristics 
which are useful fox special applications. The relaying 
scheme with modified mho characteristic (Scheme-Il) and quad- 
rilateral characteristic (scheme-lil) has been tested with 
steady— state signals only. The observed characteristic matches 
well with the theoretical ones. The dynamic performance of 
relaying scheme-I has been checked and found to be within 
1 imi ts , , 

The polyphase distance relaying scheme presented in 
this chapter is free from most of the drawbacks of the con- 
ventional and existing relays and at the same time, the present 
relaying scheme is simple, compact, efficient, reliable and 
economical. 



136 


Table 4.1 For Fig. 4.9 


Observation for Classical Characterrstics (Scheme-I) 
0=60®, IJZji^= 6,2V, l3>Z^=8.7V, I'Zf^^l2.5V, kIJZm=2.0V 
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Table 4.2 For Fig. 4.10(c) 


Observation for Modified Mho Characteristics {Scheme— II) 
e=60°, 0 ^ = 84°, t 80° 

I'Z^=6.2, I4Zr 2=».7V, IJZi^=12.5V, kI'Zj^=2.0V 
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Table 4.3 For Fig, 4.10, (d) 

Observation for Quadrilateral Characteristics (Scheme-Ill) 
© = 60®, = 84®, P < t 

I4Zr1*6.2V, I^Zj^2-8,7V, I^Zj^ia.SV, kI|Zjy^=2,0V 








TABLE 4.6 For Pig. 4. 11 (a) 

Observation for Range and Accuracy of MhO Relay 
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TAHLB 4.8 Por Plg.4. 11 (b) and 4.11(d) 

■Observation for Transient Heaoh and Eela, Operating Ti.e’. 

= 23 Z 87°, 2® = 21 ^ 69° 


S.No. J Switching Angle 
j of Fault Current 
! (Degrees) 


Transient J Operating Time 
Reach ' 

t (msec.) 


1 

5 

1 .021 

17 

2 

45 

CM 

O 

• 

16 

3 

90 

1.085 

15 

4 

135 

1.045 

16 

5 

180 

1.015 

18 

6 

225 

1 .052 

. 17 

7 

270 

1.095 

16 

8 

315 

1 .061 

16 

9 

350 

1 .032 

17 



CHAPTER 5 


DESIGN, FABRICATION AInID APPLICATION OF DYNMIIC TEST BENCH 
5.1 INTTODUCTION: 

The performance of the distance relay, once designed 
and developed can be checked, either, by appropriate static 
signals or dynamic signals. The dynamic signals represent 
the actual system conditions and, also, take into account 
the transients and d,c. offset components present in the 
fault current. The complete power system can be simulated 
by the dynamic test bench, to a scale down model (low power 
level) hence, it becomes an invaluable device for testing 
the performance of distance relays. Dynamic test bench 
proposed by Hamilton et.al, [14], Ivi/ s General Electric (India) 
and m/s Robinson and Partners Ltd* was not found suitable 
for testing of the proposed relays as, a novel way of zone 
changing is incorporated in the present relaying scheme. 

Hence, a special type of dynamic test bench is designed and 
developed which provides the required signals for automatic 
zone changing and also, for the testing of the polyphase relay 
It can simulate all the fault conditions, to predict the 
performance of the static relay during transient conditions 
also, i.e. to verify the accuracy of the relay with respect to 
its reach and range and llie operating time wich respect to 
switching angle of the fault current. 
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square wave, the negative cycle of which is clipped by 
another diode. Positive (0-180°) and negative (l80°-360°) 
cycle control is achieved by a SPOT toggle switch with logic 
O/l, through 4-NAND gates using IC 74000, A triac is fired 
to simulate the fault condition, in which, the triggering 
can be delayed (phase angle control) by a monomulti (M-l) 
using a potentiometer (P-l) calibrated in degrees. Hence, the 
maximun time delay is 10 msec, which corresponds to an 
angle (a) equal to 180° during each half of the cycle. The 
triggering of triac is initiated by a push-button switch 
(START) which enables the monomulti, giving firing pulses 
through NOR gates using IC 74C.02, Carrier frequency (10 kHz) 
gating control is used for firing the triac through pulse 
transformer. As soon as the triac fires, a logic (l) is 
established at the input of the first NOR gate,, hence, the 
firing pulses are maintained (continued). The power circuit 
can be turned off (short circuit or fault removed) by a 
push-button switch which stops the passage of 10 kHz pulses, 
at the base of the transistor, through the last NOR gate 
having logic (l) momentarily. Thus, the triac turns off 3t 
natural current zero. The presence of short circuit (fault 
simulation) is sensed by logic (l) using a precision detector, 
Schmitt- trigger and peak detector. The operation of the point- 
on— wave selector can be understood by refering to the 


Fig, 5,3 
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5,2.2 Relay Voltage and Current Simulator and Measurement; 

A potential transformer of nominal turns ratio 230/100 
and a current transformer of ratio 10/5 is designed and 
fabricated to supply the voltage and current to the relay 
unit. The C.T, turns ratio can be varied in the range from 
1,9 to 2,5, in the step of 0.1, i.e, the ratios available 
are 1.9, 2.0, 2.1, 2.2, 2.3, 2.4 and 2.5. Thus, the change 
of ratio between two consecutive steps is approximately 4 
to 5'/, by which, the over and under-reach of the relay can be 
checked in the dynamic condition. The P.T. secondary is 
connected to a potentiometer {P-2) which is calibrated in 
percentage of voltage. Hence, the variation of P.T. ratio, 
together with C.T. ratio, can give five control over the reach 
of the relay under test. 

The measurement of a,c, voltage is done by a rectifier 
bridge and a d.c. voltmeter for higher accuracy. The precision 
detector, as shovm by lower circuit of Fig. 5.2, is also used 
to measure line currents. A DPDT switch, with centre off 
position, is used to inject the line current into any other 
transactor (replica impedance) so as to make the dynamic test 
bench more versatile. The same switch can also reverse the 
transactor current, so that, the directional property of the 
distance relay can be verified. The measurement of this 
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^ turn s 

line current is done by a second C.T. with^ratio 10/1, the 

secondary of which induces a voltage, proportional to line 

current across a low resistance, and, also provides IR 

reference vector for phase angle measurement etc. 


5,2.3 Phase Angle Measurement: 

The Electronic Phase Angle Meter is shown by Fig, 5,4, 
The phase angle between any two sine waves can be measured by 
’plug-in’ and the display is shown by analog d.c, micro- 
ammeter calibrated directly in degrees. An EX/OR gate is used 
to measure the phase-difference of the standardised sine wave, 
Tv;o Op. Amp, are used to convert sine wave into square wave 
v^hich can be made to pass to ‘ invertor’ through switches 

and Thus, the polarity of any one input signal can be 

reversed at^’w^ich may be desirable in certain cases. The 
resolution of the phase angle meter is 2° and the accuracy 
is better than tX'/- Present phase angle meter, 

greatly, simplifies the measurement of phase difference with 
high degree of accursrcy. The voltage sensitivity of the 
meter is from 100 mV “to 100 


5.2.4 Digital Time Measurement and Display; 

The digital time interval meter can measure ^to 999 msec 
which could be the maxlmm operating time of rone-3 for high 
speed relaying. The basic principle of operation of thrs 


unit is cis follows# 
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F\‘9. 5'.4 ELECTRONIC PHASE-* 'ANGLE METER 
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A certain number of pulses (n) of known frequency 
(f^) are counted during relay operating time (t^j^)» which 
gives the measure of time, thus, 


t _ = a n 

where f^ = constant. 

v* 


(5.1) 


A 4— stage decade counter is used with three, 7-segment 
display only. Input pulses (10 kHz) are gated for the time 
f +■ ) to be measured. The fault initiation, with logic (l)» 

start the counter and the relay operatiorv logic (l)» stops the 
counter. It can be seen, that, the transient time is also 
included in relay operating time. As the line impedance is 


generally matched to replica impedance and the transactors 
themselve act as filters, the transient time could be 10 to 
20 msec, which could be subtracted from the total operating 
time to get relay operating time. Four miniature sockets 
are provided on the control pannel of the dynamic test bench 

so that, t fe- ^ 

output (trip .ignai) can be injected to atop the counter. The 
sarce I, signal is used as reference for phaae angle .eaeuxe^ents. 
The lower half of the Fig. 5.2 shows the tiae »eaaure»ent 


and display device. 
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5*2«5 Source and Line Impedance: 

Two iron cored tapped inductors, having air gaps, are 
used to simulate source and line reactance with continuous 
rating of 4 Amps. Provision is also made to insert line 
and source resistance, externally, so as to vary the source and 
line phase angles. The tappings of inductor are brought out 
to a rotary switch by which a desired source and line 
reactance can be inserted into the main circuit. The phase 
angles of the source and line reactors vary between 83° to 
87° and 85° to 88° respectively. 

These iron cored inductors are designed and fabri- 
cated with shell type arrangement from grain oriented silicon 
steel laminations. An air gap of about 3 mm was found 
adequate to give linearity over a wide range of reactance. 

The following expression can be used to calculate the number 
of turns to provide the required reactance,' thus? 

TT 796 p , 
as IT = ^ Bg Ig 

565 Bglg (5.2) 

Hence, T = j 

/Xi 

and \ =T iyr 


(5.3) 
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where, 

I = maximun R,M,S, current 

T = number of turns 

= number of turns at reactance 

Bg = flux density in air gap in IVb/m^ 

Ig = length of air gap in ram 
V 

X = = reactance 

V = R.M.S. si;pply voltage 

hence, turns for any other reactance (x^) can be found out. 
Table 5,1: Source and Line Impedances 


' 

ITEM 

STEPS 

I 

1 

2 

3 

4 

5 

6 

n 

>^3 

3,0 

• 

4.8 

9.5 

15.5 

19.5 

23.5 

— 


0.40 

0.52 

0.73 

0.95 

1.07 

1.20 

- 

: 

5.0 

10.8 

15.8 

20.5 

30.5 

40.5 

50.5 


0.41 

0.58 

1 

0.75 

J 

0.37 

1 

1.11 

1.32 

1.52 

j 


5.2.6 Replica Impedance with 3— Zones: 

An iron cored transactor, with air gap, is used to 
simulate replica reactance, the secondary of which has tappings 
to vary the reactance through a rotary switch. The replica 
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resistance is simulated by passing the primary current of the 
transactor through a low resistance and then, stepping up this 
voltage drop by a p.T. Tappings are provided on the P.T. secon- 
dary So as to vary the replica resistance through a rotary 
switch. This simulated impedance is isolated from 

the voltage circuit by an auxiliary P.T,, the secondary of 
which has 5- tappings to give a voltage proportional to 

^R3* a 3- zone replica impedance is simu- 

lated in a novel way, without passing the line current directly 
through the inductor, as is normally done. The 1st zone replica 
impedance is kZj^ is about 20>< of Zj^, Zp^ is I50j^ of 

^R1 ^R3 200>i of Zp^j,, The zonc-1 impedance (2j^) can be 

further reduced by a factor of k vhich varies in steps from 
0,2 to 1*0 by a rotary switch. The voltages IRj^» klZj^^, 

IZj^j^, IZp ^2 brought out on the control pannel, 

through banana sockets. 

It can be observed from the above description that the 
replica reactance is produced ficticiousiy. The basic principle 
of the design of these reactances is, that if one anperc of 
primary current induces, a voltage of one volt in secondary 
circuit, then the reactance of transactor is one ohm. The 
maximum value of replica impedance will depend upon, lino 
impedance, i.e, the set impedance of the line to the balance 
point and C.T. and P.T. turns ratio, hence. 
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'R 


= Jk 


•m. 


N. 


(5.4) 


where. 


= Replica impedance 

= Line impedance up to the balance point 
= C.T, turns ratio of dynamic test bench = 
1^2 = P.T. turns ratio of dynamic test bench = 
k = Per unit setting of voltage control 
Table 5,2: Replica Impedances 


ITEM 



STEPS 




1 

2 

3 

4 

5 

6 

7 

Xq 

5.0 

10.0 

15.0 

20.5 

25.5 

29.5 

35.0 

R 

23 

43 

60 

75 

96 

105 

140 ^ 

% 

1.0 

2.5 

3.8 

5.0 

7.5 

9.5 

13.5 

^R 

9 

22 

32 

42 

60 

77 

115 




5.2.7 Power Supply; 

A well regulated, built-in power supply is made so 
as to provide +12V d.c. and +5V d.c, for the Electronic 
Control, Measurement and Instrumentation purposes. The 




FI 3 . 5'-5‘ CIRCUIT DIAGRAM OF POWER syppLy 
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circuit diagram is shown by Fig, 5.5. The 10723 is used 

to provide +12V d, c, regulated supply whose current rating 

is boosted by a ‘pass elQment' (power transistor), IC-320-12T 

is used to provide -12V d.c. regulated supply, A well 

regulated +5V d.c. supply, to drive the T-segment LED display, 

is provided by using IC-LM323 voltage regulator. All these 

have 

power supplies built-in short circuit protection, 

5,3 APPLICATION OF DYNAMIC TEST BENCH: 

The front pannel layout of the dynamic test bench 
is shown by Fig. 5.5 and its power and measuring circuit 
diagram is shown by Fig, 5.1. A multi- tapping source inductor 
(Xg) and line inductor {X^) is connected to terminals A-B and 
E-F respectively. Their magnitudes can be controlled by rotary 
switches, 'Xg control' and 'Xj_^ control' respectively. The 
source and line resistances Rg and can be connected externally 
between terminals B-C and E-F respectively. The external load 
can be connected to . terminals F-H via a switch 'Ext,Load'. 

The 230V A.C, supply is connected to terminals L-N via a 
switch 'Liains ON'. The primary of main P.T, can be connected 
across line impedance (R^ + jX^) via jumper between 
terminals and Vp or it can be connected to the secondary 
of phase shifter. The secondary voltage of the main P.T. is 
.ea.urod by a voltmeter (V) and can also be connected to a 






Fis-SS front panel LA'fOUT OF OWAFUC TEST BENCH 
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relay through terminal (v). An ammeter (]^) measures the 
fault current whereas the phase angle measurement is done 
by a ’phase meter' (0) via switches S^, and terminals 

The transactor current (Ip) can be controlled by a 
rotary switch^ 'C»T» Ratio* and the source current can be 
injected into an extomal transactor unit by a 3-position 
switch ( Eeverse-OFF-Forv/ard) in OFF position through terminals 
P— Q. The secondary of transactor is connected to terminals 
X-R and honco, the replica reactance (X^) and resistance (Rj^) 
can be controlled by rotary switches * X,, control* and * R„ 
control* respectively. An auxilliary transformer (Aux, P.T,) 
is connected to terminals X-R, the secondary of which provides 
the required signals (S^,S 2 »S 2 »S^,S^) for 3- zone operation of 
the proposed relaying schemes. 

The fault can bo initiated by firing a Triac through 

'Fault-Initiate* push button switch and is cleared by 

'Fault Clear* switch. The 'phase Control' is the *Point-on- 

Wavo Selector' which can control the switching angle of 

fault current (Ij^). Positive and negative cycle control is 

affected by a 'phase Control Switch'. Four miniature sockets 

are provided, so that, clock frequency (f^), operating time 

(t ) and line current (1.) can bo observed and recorded. 

' on' 

The fourth socket is used to inject the 'Relay Trip’ signal, to 



stop the digital time interval meter, so that, the operating 
time can be measured, A switch ’Counter Set/Heset' is 
provided to reset the counter. 

5.3.1 Distance Relay Setting: 

The impedance of transmission line on H. T. side depends 
upon the length of the line and also on the transmission 
voltage. If the line to be protected has an impedance of, 

= (R‘ + jX») (5.5) 

then, the inpedance setting on dynamic test bench will be 

0,8 ZJ, X C.T. ratio C_ 

\ = — ^ferra-Hs pf 

( 5 . 6 ) 

If the replica inpedance angle (0) and line phase angle (0) 
arc not equal then the value of replica impedance required 
will be 

y ^ ^ (5 7) 

It should also be noted that, for line to ground 
fault, the relay voltage should be V/V*3 and the value of 
lino impedance setting is. 
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Similarly, the value of relay voltage, for all types 
of phase faults, should be V and the line impedance setting 
is. 


7 


(5.9) 


Where V is the line to line (i,e, delta) voltage on the 
seconciary side of the P.T, 

5,3,2 Relay Accuracy, Transient Over-reach and Range 


The accuracy is defined as the ratio of in^edance 
just causing operation of the relay to the set impedance 
when the fault takes place near the balance point, thus 


Z V ‘"1" 

a) Accuracy x = jr = izT = rZT " 


R ■"‘'R ■"L^'R “R 


N2 


(5.10) 


If the relay trips by reducing the voltage, then. 


kNj_V 




^ , 

^^R ^L^R R 


kNj 

1€ 


(5.11') 


Accuracy at any phase angle (9(), 


X = ° ZjjCos(»-ey • 


kN^V 


IZj^cosl 


(5.12) 
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b) The transient over-reach • 


X^edance seen by relay with off set current 
in^edance seen wit'hout o”?fset current 


5or 

^SR 


k<N« 


- j£l I (5.13) 

^ =! constant 

where, k is the fraction of voltage applied in steady state 
condition and k’ is the voltage applied during transient 
condition. 


c) 


If k* 
and k’ 

Range Y = 



then overreach 
then underreach 




N2( E-V) 


(5.14) 


As all the variables are known or measured by dynamic 
test bench, the Accuracy, Transient overreach and Range can 

be calculated. 


5.4 OONaUSION; 

The Dynamic Test Bench, designed, developed and 

amirate and self-contained 
fabricated by us, is simple, compact, accurate 

+hot auxiliary unit for its operation, 
and do not require any other auxiliary u 

j schemes are tested on it and the 

All the proposed relaying schem 

• 1 sp aoreement to the theoretical values, 

results are in close agreement. 



CHAPTER 6 


CONCLUSIONS 


6.1 GENERALS 

Th€ demand of electrical power has been increased 
manifolds during the last two decades which has necessitated 
the generation of large power far away from the load centres. 
This bulk power has to be transmitted over long distances by 
means of EHVAlHV transmission lines or tie lines. The power 
system reliability and transient stability depends upon how 
fast the fault is cleared which has necessitated the use of 
very fast, accurate, and efficient protection schemes. Solid 
state components has made it possible to achieve this 
requirement and hence, solid state relays are invariably used 
for the protection of transmission lines having voltages of 
220 kV and above as they are more accurate^ sensitive, robust, 
compjact, durable, efficient and also immune to vibration's 
and shocks due to external causes than their counterpart i.e, 
the electromechanical relays. 

The solid state relays, generally, use analogue techniques 
with block average comparison, in which the response time is . 
a function of the fault location and the phase displacement 
between selected input signals. Block-spike casparlson scheme 
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give fast response but has inherent drawbacks that, it is 
prone to malopera tion due to spurious signals and therefore, 
not preferred for the protection of EHV transraissim lines. 

The operating time of block average schemes is, generally, 

20 msec (one cycle) upto a phase displacement of 60° but 
becomes infinity at the boundary conditions. This can create 
serious time coordination problem between different relays 
used in the protection scheme* Hence, if a relay, which has 
a constant operating time of less than 20 msec, any where upto 
the balance point can be designed and developed, it could solve 
all the problems associated with the protection of EHV/UHV 
transmission lines. Therefore, the main objective of the 
thesis had been; to design, develop^^nd fabricate a transient 
free, 2- input block average coincidence comparator with, 
constant operating time of 15 msec (< one cycle), high noise 
immunity and Unaffected by power swing having simple 
circuitry and minimum hardware. The same basic comparator 
could be used in a variety of ways i,e. cosine and sine compa- 
rator and, with slight modifications, could be used as 3-zono 
single phase and 3-zono polyphase relay giving high accuracy 
to all types of shunt faults on three-phase systems, 

A solid state comparator using CMOS logic gates and 
digital IC's, which is fioo from tha most of the drawbacks of 
tho existing schemes, had been designed, developed and 
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fabricated with a simple theory of operation. The symmetrical 
2- input comparator can generate many important threshold chara- 
cteristics such as, directional, restricted directional, angle 
impedance i*e. ohms, reactance, plane impedance, angle admit|tance 
i.e. mho and offset mho, restricted mho and elliptical etc. 

The variable angular critaria had been applied by the change 
of clock frequency and thereby, shaping the basic characteristics. 
The same comparator can be used as cosine or sine comparator 
giving flexibility and economy. 

The basic 2- input comparator had been extended to provide 
multizonal operation in a novel way. Zone changing is done ' 
automatically depending upon whether the fault lies in 
zone-2 or zon^l. The relay normally operates V4i-ih zcme-2 
time delay but its reach is changed to zone-1 if the fault 
lies in zone-1, However, back-up protection by zone-2 is 
always guaranteed. The operation in zone-3 is independent and 
provides a further back-up protec tion* The relay operates even 

■Jus 

if the voltage falls toj^ (close-up fault) but does not 
operate when the voltage becomes zero which is an indication of 
open connection. The characteristics provided by this relay 
axe classical mho in zc»ie-l and zone-2 but, elliptical in 
zone-3, 

The same relay, with some modifications, can be used 
as a polyphase relay. Hence, in scheme-I tripplicatim of 
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three single-phase modules with their outputs OR gated give 
a polyphase relay, it also provides the classical character!-, 
sties as the operation is based upon 2- input comparators. 
Multi- input comparators can provide modified mho and quadri- 
lateral characteristics. Hence, 4- input AND + NOR gates axe 
used to convert the basic relaying scheme into a multi-input 
polyphase relay. The scheme-ll gives modified mho characteri- 
stics with blinders by the use of 3- input signals only. The 
scheme-III gives the quadrilateral characteristics with 
4-input signals, but, the fourth signal is dependent upcai one 
of the three signals. All the three schemes had been found to 
be effective for all types of shunt faults on 3-phase lines 
and provide 3-zone operation in a novel way with cent percent 
discrimination and fast response, 

A prototype, multipurpose, 3-zone polyphase relay had 
been designed and fabricated which is, in fact, a combination 
of three single phase (A,B and C) modules whose inputs are 
OR gated. This relay can be used in a variety of ways i.e., 
single phase operation in either zone— 3, zone-2 or zone— 1, 
single phase 3— zone operation, polyphase operation in any of 
the zone or in all the zones. It can be used as a 2- input 
comparator or multi- input comparator giving any desired pick-up 


characteristic. 
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A single-phase Dynamic Test Bench had been designed, 
developed and fabricated to predict the performance of the 
proposed relaying schanes. It represents a scaled down model 
of the power system, with built-in ’point on wave selector’, 
phase angle meter and digital time interval meter. It also, 
has the facility, to vary and measure the line current and 
voltage and to provide required signals for 3— zone operation 
of the relaying scheme. Any type of fault condition can be 
simulated and the relay performance, with respect to range 
and switching angle of fault current, can be checked. The 
dynamic test bench designed and fabricated is compact, easy to 
use and versatile. All the relaying schemes had been tested 
on this dynamic test bench and their performance had been found 
to be satisfactory, 

6.2 SCOPE FOR FUTURE WORK: 

The use of CMOS logic gates and digital IC’s. makes the 
relay circuit simplers, compact, reliable and also give better 
noise immunity, however, the use of ’high threshold logic 
circuits and IC’s,’ can further improve the perforirance of the 
relay and provide higher noise margin. The operating time of 
less than | cycle is not feasible by the use of logic gates 
and digital IC’s. alone. Further improvement by the use of 
digital techniques can be effected by proper choice of 
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components, relaying signals and operational philosophy to 
yield simple, fast, reliable and efficient protection schemes. 
Certainly, there is a possibility of developing a relay using 
travelling wave phenomena and similar other teclmiques which 
could be very fast in operation and yet reliable and efficient. 

Once such technique could be the use of digital computer 
or a microprocessor based ’On Line’ protection which can 
definitely reduce the relay operating time to less than 5 msec. 

cycle) with an advantage of clearing fault in shortest 
possible time as high speed circuit breaker of one cycl e •'/ 
or less have become a common p ra ctice . A suitable algorithm, 
interface and hardware has to be generated and its icsng time 
durability and reliability is to be assessed before using a 
microprocessor or a minicomputer for practical applications such 
as the protection of EHV/UHV transmission lines. There is no 
doubt, that, in near future, digital relaying will prove to be 
better than conventional relaying schemes and will be accepted 
by ’Protection Sigineers' as a primary means of protection. 
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APPE'JDIX 

1. SPECIFICATIONS OF THE DIGITAL PHASE DISTANCE RELAY 

1.1 RELAYING UNIT 

1.1.1 Rated Voltage and current per phase : lOOV, 10mA 


1«1«2 Relay Elements per phase : 2 

1.1.3 Mode of Operation as 2- input Comparator: Cosine and 

Sine 

Mode of operation as Multi- input Comparator ; Cosine 

1.1.4 Variable Angular Criteria : +90° to +30° and 90° to 

270° 

1.1.5 Zone of Operation : Any one or all or as desired 

1.1.6 Signal Handling Capacity : 2 to 4 

1.1.7 Zone Indication ; 2-LED on every-phase and zone 

1.1.8 Operating Time of First-Zone: 15-20 msec, anywhere up 

to the balance point, 

1.1.9 Pick-up characteristic : Mho, Modified Mho, CM^drila- 

teral or any desired one. 


1.2 TRANSACTOR: 

1.2.1 Transactor Primary current : 5A per phase 

1.2.2 Transactor Burden • 5VA per phase 


1.2.3 Replica Impedance 

1.2.4 Replica Phase Angle 

1.2.5 Signals Available 

SPECIFICATIONS OF DYNAMIC TEST BENCH 

2.1 Source Impedance = 3-23.5 otos at 83P-87° 


2»oJX - 25i>- per phase 
80° - 30° 

6 per phase 



2.2 Line Impedance 

2.3 Transactor Rating 


: 5-50,5 ohras at 84‘^-88®, 


2.3.1 Current Capacity and Burden : 5A, 10 VA 


2.3.2 Replica Impedance 

: 5-35 ohms 

2.3.3 Replica Phase Angle 

; ■ 80°-30° 

2.4 Current Transformer 


2.4.1 Primary Current 

: lOA 

2.4.2 Secondary Current 

: ■ 5A 

2.4,3 C.T. Ratio 

: 1,8 - 2.5 

2.5 Potential Transformer 


2.5,1 Primary Voltage 

: 230V 

2.5.2 Secondary voltage 

; 0 - lOOV 

2.6 Point on Wave— Selector 

: 0 - 360^ 

2.7 phase Angle Meter 


2.7.1 Voltage Input 

: 100 mV - lOOV 

2.7.2 Range 

: +180° 

2.7,3 Resolution 

; 2° 

2.8 Time Interval Meter ('Oounter) 

: 1 - 999 msec. 
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